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Understanding physical, chemical or biological changes require monitoring the
molecular vibrations aka nuclear coordinates on the timescale of their movements,
which is hundreds of femtoseconds. Thus, ultrafast spectroscopic techniques capa-
ble of providing molecular conformational changes on the femtosecond timescale
are desirable to provide in-depth knowledge of any photophysical process. This
thesis discusses the strength of using a structurally sensitive ultrafast spectroscopic
technique, femtosecond stimulated Raman spectroscopy (FSRS) to understand the
photophysics in a chemical process called singlet fission.
Thin films and single crystals which may undergo singlet fission are promising
for solar energy conversion strategies as they can generate two charge carriers by
the absorption of only one photon. A major bottleneck in the singlet fission field
is the challenge of designing or discovering new molecules with enhanced photo-
physical properties, while not altering other parameters such as crystal packing or
solubility which can hinder overall device performance. Chemical modifications to
acenes may lead to singlet fission-based photovoltaics with improved solar energy
conversion efficiencies, but identifying how molecular structural changes impact
the rate and yield of fission is challenging to model and predict. Traditionally,
spectroscopic measurements have not provided much insight for rational design
of new chromophores, but rather have been used to understand why an existing
system works well. To this end, I have used FSRS to examine the excited state
structural dynamics in organic chromophores undergoing singlet fission and have
v
provided a predictive model for molecular designing guidelines to obtain efficient
singlet fission systems for their use in solar energy based devices.
Specifically, I have used ultrafast FSRS to monitor the changes in the molec-
ular structure in rubrene during singlet fission and observed that singlet fission
in crystalline rubrene is associated with a loss of electron density in the tetracene
backbone. Armed with this knowledge and a hypothesis to improve singlet fis-
sion rate by reducing electron density in the tetracene core, I screened rubrene
derivatives to study their excited state dynamics using FSRS. From a series of
derivatives, I screened two new rubrene derivatives with electron withdrawing
substituents, FM-rubrene & F-rubrene, to prime the system for singlet fission,
without impacting intermolecular interactions. Using these rationally designed
rubrene derivatives I found that both the rate and yield of singlet fission are
significantly improved, proving that spectroscopic insight is crucial to success-
fully designing new chromophores. This shows that the long-held promise of
spectroscopy-informed small molecule design for organic optoelectronic materials
can be realized in rubrene-based singlet fission materials.
As the first graduate student to use FSRS in a microscope to look at crystals, I
realized that distinguishing Raman from non-Raman features can be complicated
in molecular crystals, where the narrowband transient vibronic couplings due to
less heterogeneous broadening can overwhelm the excited state Raman bands. To
overcome this, we redesigned the ultrafast FSRS experimental setup to help ease
the data extraction and interpretation associated with this technique. By adding
a pair of mirrors and a slit to the existing grating filter setup, we generated an
additional Raman excitation pulse that identifies Raman peaks from a pool of
vi
non-Raman peaks.
In this thesis, I present the successful implementation of FSRS to provide
unprecedented structural dynamics in organic semiconducting materials with the
aim to achieve better performing singlet fission based-photovoltaic devices and
the experimental modifications made to support FSRS as a more user-friendly
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The pursuit of new, efficient and diverse approaches to produce clean energy is
becoming increasingly crucial as the global energy demand continues to increase.
An integrated network of renewable energy sources (solar, wind, hydroelectric,
geothermal etc.) and energy storage (fuels, batteries etc.) is necessary to deliver
reliable and steady supply of energy to meet the global needs. According to
the U.S. energy consumption estimations in 2019 by Lawrence Livermore national
laboratory, the largest increases in energy supply came from wind and solar energy,
with jumps of 10% and 8%, respectively for the second time in a row. Solar
energy, estimated to supply annual energy of about four order of magnitudes
more than the global energy demand in an entire year, thus is an enormous source
of energy and possess great potential to harness in renewable energy technologies.
Photovoltaic devices play an important role in power generation, and therefore,
the efficiency of the solar energy conversion becomes important in the search for
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commercially viable solar cells. However, the fundamental limit of the efficiency of
a single junction photovoltaic device is ∼ 32% due to various energy loss pathways,
first laid out by Shockley and Quiesser in 1961, [1] and thus requires alternative
strategies to identify materials and processes that can be used to overcome this
limitation.
Singlet fission is a photophysical process where an absorption of a photon
generates a pair of charge carriers on the ultrafast timescale of femto- to picosec-
onds. [2, 3] The generation of multiple charge carries at the expense of only one
photon has potential to be used in photovoltaic and photocatalytic processes.
Photovoltaic devices based on chromophores undergoing singlet fission in theory
can increase the solar energy conversion efficiency in a single p-n junction solar
cell from ∼ 32% to ∼ 45%. However, the commercial solar cells based on singlet
fission has displayed a conversion efficiency of only ∼ 5.1%, [4] which is far less
than theoretically claimed. A major obstacle to the successful implementation
is the lack of chromophores that can undergo efficient singlet fission while still
being photo- and air-stable and solution processible. Chemical modifications to
acenes could lead to singlet fission photovoltaics with long operating lifetimes but
identifying how molecular structural changes impact the rate and yield of fission
is challenging. This calls for an interest towards understanding the underlying
mechanism of the singlet fission process on the ultrafast timescale with an aim to
design new class of molecules to make singlet fission commercially viable. There-
fore, to provide insights into the molecular changes during singlet fission needs
the use of ultrafast techniques capable of monitoring the nuclear motions on the
rapid timescale of femtoseconds.
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Femtosecond stimulated Raman spectroscopy (FSRS) is a structurally sensitive
ultrafast vibrational spectroscopic technique that can capture molecular snapshots
to map out the evolution of the molecular structure over the course of the chemical
reaction. [5] Since its first inception back in 1994, FSRS has evolved and has stood
out as a strong ultrafast spectroscopic technique capable of providing vibrational
and structural information with high spectral (<15 cm−1) and temporal (sub-50
fs) resolution. FSRS has been previously used to provide structural insights during
various ultrafast photophysical processes such as isomerization of rhodopsin for
vision, excited state proton transfer in green fluorescent protein to list a few. As
FSRS can monitor the molecular conformational changes on the ultrafast timescale
of singlet fission process, it is a well-suited technique to study the photophysical
process of singlet fission and provide essential information to modify the structural
properties of chromophores to improve the commercialization of devices based on
singlet fission.
1.2 Outline
This thesis focusses on the application of an ultrafast spectroscopic technique,
femtosecond stimulated Raman spectroscopy, to provide unprecedented structural
information during singlet fission. Additionally, this thesis demonstrates the ad-
vancement made to the experimental setup of FSRS to simplify the complex data
interpretation associated with this ultrafast technique.
Chapter 2 provides a review of the importance and role of vibrational studies
to understand the singlet fission process. It highlights the various experimental
techniques that are commonly used to study singlet fission and then goes more
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in-depth discussion about the unique contribution of infrared and Raman based
spectroscopic techniques to the singlet fission community. Although vibrational
spectroscopic techniques are still in their infancy to study singlet fission, this
chapter provides a future direction for the application of vibrational spectroscopy
in the field of singlet fission.
Chapter 3 describes the application of FSRS to study the structural changes
in crystalline rubrene molecules during the ultrafast singlet fission process. This
study reveals that the structure of the rubrene molecules changes such that the
electron density moves away from the core of the molecule during the singlet fission
process. The results suggest that the rubrene derivatives that have less electron
density in its central core will facilitate the singlet fission process. This is an
unique study that makes the path to formulate designing guidelines for efficient
singlet fission process.
Chapter 4 demonstrates the long-held promise of using ultrafast spectroscopic
technique to guide the designing principles for efficient singlet fission chromophores.
This chapter describes the structural evolution in rubrene derivatives, FM-rubrene
and F-rubrene, using FSRS and proves that the electron deficient rubrene deriva-
tives undergoes an order of magnitude faster singlet fission than in rubrene. This
novel study provides ultrafast spectroscopy assisted guidelines to chemically mod-
ify existing chromophores for the rational designing of singlet fission based devices,
which goes beyond just the energetics criteria.
Chapter 5 is an instrument focused study to simplify the complexity of data
interpretation associated with FSRS. Discerning Raman modes from a pool of
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background in the FSR data is a challenge that has limited the widespread adop-
tion of FSRS. This chapter describes how by adding just a pair of mirrors and a
slit can result in generating excitation Raman pump pulse at two frequencies that
simplifies to distinguish Raman from other non-Raman features in FSRS.
Chapter 6 discusses numerous future directions in regards to studying var-
ious physiochemical properties in organic molecular crystals using common old
ordinary Raman spectroscopy (COORS) and FSRS. It describes utilizing low-
frequency Raman modes to identify crystal structure within a series of chemi-
cally substituted molecules as highly pure phases and specific crystalline packing
structures are usually desirable for high performing optoelectronic devices. Ad-
ditionally, this chapter elaborates on new molecular systems to study the effect
of polymorphism in deciding the fate of the initially photoexcited wavepacket for
their use as singlet fission chromophores for device applications.
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Chapter 2
Advancements in Singlet Fission




Singlet fission leads to the formation of two separate triplet T1 excitons from an
initial singlet S1 exciton through
1(TT) and 1(T...T), multiexcitonic intermediates
that retain singlet character. Its ability to achieve external quantum efficiencies
higher than 100% made it an attractive candidate for optoelectronic device appli-
cations. However, singlet fission has not been applied widely despite having been
investigated by a myriad of spectroscopic methods, in part due to our poor un-
derstanding on how to optimize molecular structure and packing in chromophores
well-suited to large-scale production. Vibrational spectroscopies provide a solu-
tion because they directly probe nuclear motions, allowing us to monitor evolving
structural changes in molecules undergoing singlet fission, thus providing us with
roadmaps to design molecules suitable for optoelectronic applications. This chap-
ter reviews the contributions and analyzes the future directions of vibrational
spectroscopies to the advancement in our knowledge about the mechanisms and
rational designing of chromophores undergoing efficient singlet fission.
2.2 Introduction
Singlet fission (SF), a photophysical process where an initially excited singlet
state S1 evolves into two low-lying triplet states T1, has been shown to attain ex-
ternal quantum efficiencies higher than 100% in photovoltaic devices. [6] Although
this phenomenon had first been observed in the early 1960’s, [7,8] it only regained
interest in the past decade after it was proven to overcome the Shockley-Queisser
limit in 2006, [1, 9] showing promise for future applications in photovoltaics and
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photocatalytic processes. However, working solar cells based on SF has delivered
a maximum power conversion efficiency of only 5.1% as opposed to the theoretical
limit of 45%. [4] Some challenges to improve efficiency include poor environmen-
tal stability and high energy losses during charge generation and transport in the
currently known classes of SF chromophores. Therefore, we need rational design-
ing principles to develop SF materials that are capable of achieving the power
conversion efficiency much closer to the theoretical limit.
Following light absorption, SF is generally accepted as a three-step process
which involves the formation of two intermediates:
S0 + S1 ↔ 1(TT)→ 1(T...T)→ T1 + T1 (2.1)
where both 1(TT) and 1(T...T) are multiexcitonic intermediates that retain
singlet character, making SF a spin-allowed process. The correlated triplet pair,
1(TT), consists of two excited triplet states that are electronically coupled and
spin correlated. When 1(TT) loses its electronic coupling but still retains its
spin coherence, it forms 1(T...T), the separated correlated triplet pair. Eventu-
ally, 1(T...T) loses its spin coherence to generate two individual triplet states T1,
which can be harvested for optoelectronic applications. The detailed mechanism
of SF dynamics, and the electronic energetics and molecular packing and coupling
requirements for chromophores to undergo efficient SF have been covered by many
reviews over the past decade. [2, 3, 10–16]
The major hindrance to the optimization of SF based photovoltaics is the
scarcity of known molecules undergoing efficient SF that are photochemically sta-
ble, solution processible and oriented in the correct geometries in their crystalline
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forms. The most commonly studied SF chromophores are acenes and their deriva-
tives, although carotenoids and polymers have also been investigated for their SF
properties. [2] However, identifying new classes of molecules capable of undergo-
ing SF is challenging in part due to the limited knowledge about material design
principles, such as modifying existing molecules for desired crystal packing struc-
ture and ideal chemical substituents, for chromophores undergoing near unity SF
efficiency. Additionally, the photophysics of SF mechanism is not fully under-
stood and widely debated: whether the generation of 1(TT) from S1, follows a
direct mechanism where the S1 state couples with a neighboring S0 state to di-
rectly form 1(TT) with no observable intermediates, [17, 18] or a charge-transfer
mediated mechanism where an observable charge-transfer intermediate is formed
before it generates 1(TT). [16, 19] Thus, the limited number of SF chromophores
compounded with the complex convolution of the spin dynamics and the interac-
tions between the electronic and vibrational states during SF, makes it difficult
to achieve consensus on a generic SF theory and molecular design principles. A
promising approach would be to determine how exactly nuclear coordinates im-
pact the mechanism and yield of SF, and thus, vibrational spectroscopies which
probe structural changes following light absorption are uniquely well-suited to lead
to advances in the SF field. This chapter emphasizes the unique contributions and
strengths of vibrational techniques to enhance our understanding of the designing
principles for SF based chromophores.
Historically, SF has been examined through a combination of electronic, pho-
toemission, magnetic and computational techniques. Ultrafast vibrational tech-
niques are a relatively recent addition to the experimental toolbox for investigating
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SF. Thus far, these techniques include time-resolved mid-infrared and infrared
(IR) spectroscopy, resonance Raman (RR) spectroscopy, impulsive stimulated
Raman spectroscopy (ISRS), and femtosecond stimulated Raman spectroscopy
(FSRS). Since vibrational motions are determined by the interplay of the nuclear
coordinates and are highly sensitive to local environments, vibrational spectral
features, such as bandwidth, frequencies and intensity, evolve as the molecules
transit from the S0 state to S1,
1(TT), 1(T...T) and T1 states. This can give
vibrational techniques an edge over electronic spectroscopies for studying SF be-
cause electronic features tend to be broad and overlapped due to the isoenergetic
nature of the excitonic states and the existence of equilibrium between them.
Time-resolved vibrational spectroscopies are particularly powerful tools to study
photochemical and photophysical processes because they can directly determine
the nuclear motions driving SF and hence provide unique information about the
structure, dynamics and properties of short-lived species. A better understanding
of the molecular structural changes will in turn guide the strategic design of SF
materials for efficient photovoltaic systems.
In this chapter, we review the significant contributions of vibrational spec-
troscopies to our understanding of the SF process, with a focus on translating
mechanistic insight into practical design considerations for new chromophores. We
describe key examples from the literature, starting with acene studies using IR and
mid-IR time-resolved spectroscopy, followed by detailing the importance and role
of vibronic coherence in SF, and then moving through Raman based studies which
helped in formulating design guidelines for efficient SF chromophores. We con-
clude with comments on promising future applications of vibrational spectroscopy
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to guide SF materials design, including magneto-vibrational spectroscopies, ter-
ahertz approaches, and microscopic techniques to map vibrational contributions
to exciton transport.
Before we detail the specific contributions vibrational spectroscopies have
made in understanding SF, we briefly describe the key highlights from electronic,
magnetic, and computational studies. Electronic spectroscopies such as time-
resolved photoluminescence (TR-PL), transient absorption (TA), two-dimensional
electronic spectroscopy (2DES) and time-resolved two-photon photoemission (TR-
2PPE) have been used to study SF. TR-PL provides information about the bright
states, [20] TA can probe both bright and dark states, [21–23] 2DES identifies
quantum coherent superposition of electronic states and couplings [24] and TR-
2PPE provides the energies of the excitonic states during the SF process. [25,26]
In addition to optical techniques, the magnetic field-based techniques, such as
time-resolved electron paramagnetic resonance (TR-EPR) provide insights about
the spin dephasing and the triplet and quintet states involved during SF. [27, 28]
While each technique is specific in the information it can provide, all techniques
complement each other and supports each other to unravel the complex and com-
plicated view of the SF process.
In Figure 2.1, we summarized how each experimental technique has guided our
knowledge about the mechanisms and energetics of each step in the SF process,
from the generation of the 1(TT) state to the harvesting of triplets. Step 1 refers
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Figure 2.1: Schematic depicting SF & spectroscopic techniques that have been ap-
plied to understand corresponding steps in SF. 1) Formation of correlated triplet
pair,1(TT) that retains an overall singlet character. 2) Formation of the 1(T...T)
state after 1(TT) loses its electronic coherence. 3) Formation of the individual
triplet states after the 1(T...T) loses its spin coherence. 4) Generation of free
electron and hole charge carriers after the triplets are harvested at an acceptor
substrate. 5) Triplet-triplet annihilation to form singlet states. 6) Exciton trans-
port within the crystal or film so that the excited states can eventually reach
an acceptor substrate. Acronyms: TA – transient absorption. TR-PL – time-
resolved photoluminescence. TR-2PPE – time-resolved two-photon photoemis-
sion. 2DES – two-dimensional electronic spectroscopy. TR-EPR – time-resolved
electron paramagnetic resonance. TRIR – time-resolved infrared spectroscopy.
ISRS – impulsive stimulated Raman spectroscopy. RR – resonance Raman spec-
troscopy. FSRS – femtosecond stimulated Raman spectroscopy. TAM – transient
absorption microscopy. SO-FSRS – spatially offset FSRS.
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to the formation of 1(TT) from S1. As this step is easily photoinitiated, it has been
characterized by a wide range of electronic, magnetic and vibrational techniques.
Step 2 refers to the separation of 1(TT) to form 1(T...T). Our understanding
of 1(T...T) as a distinct intermediate is relatively recent, and thus this step of
the SF process has only been studied by TA, 2DES, TRIR and FSRS. Step 3
refers to the formation of individual triplets T1 and is the second most commonly
studied step because SF is not considered complete until individual triplets are
formed. After the individual triplets are formed, they can either be harvested
by triplet energy transfer or electron hole pair generation (step 4), or undergo
triplet-triplet annihilation to reform the excited singlet S1 or hot S0 states (step
5). Step 4 requires the presence of an acceptor material and has only been studied
by TA, TR-PL and TR-2PPE to date. Meanwhile, step 5 has only been studied
by delayed fluorescence which specifically probes the fluorescence of the singlets
formed by triplet-triplet annihilation. Step 6 refers to the movement of singlet and
triplet excitons towards an acceptor material, where these photoinduced charged
species can be harvested, and it can occur simultaneously with all other steps of
SF. Although exciton transport is not a process unique to SF, understanding and
improving efficiency of exciton movement is crucial for SF-based optoelectronic
applications.
Besides experimental techniques, computational studies also help us interpret
complex experimental results, predict what molecules can undergo SF and in-
vestigate role of molecular structure in facilitating SF as detailed in these re-
views. [29, 30] For example, Morrison et al. found that the strong coupling of
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intramolecular modes in the range of 1400–1600 cm−1 to the S1 → 1(TT) transi-
tion helped to explain the temperature independence of SF rates in tetracene. [31]
In another study, Shizu et al. found that twisting between tetracene dimers led
to stronger vibronic coupling which in turn led to higher rates of formation of
1(TT). [32] These computational studies highlight the importance of understand-
ing the roles of molecular structure and vibrations in facilitating SF, advocating
for more experimental probe into the structural evolution of molecules during SF.
2.3 Structural Dynamics During Singlet Fission
2.3.1 IR-based techniques
Time-resolved IR spectroscopy can be used to monitor the structural changes
within molecules by tracking the vibrational features that are sensitive to the
identity of electronic states. Ultrafast TRIR has been used to study the dynam-
ics of the intermediates, 1(TT) and 1(T...T), formed during SF in a variety of
acenes such as hexacene, TIPS-pentacene, tetracene derivatives and xanthene-
based dimers. By probing transient structures with molecular specificity, TRIR
has been used to identify structural intermediates, as well as distinguish between
direct and mediated SF mechanisms.
To examine the structural dynamics of the intermediate electronic states in SF,
Deng et al. used femtosecond transient infrared (fsIR) spectroscopy to observe
unique vibrational signatures corresponding to S1 and
1(TT) states in addition to
a transient spectral evolution of the ring stretching modes of hexacene at ∼ 1600
cm−1. [33] Complementing their experimental results with ab initio calculations,
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they identified the reaction coordinate and learned that the direct S1 → 1(TT)
transition is predominantly driven by a few ring stretching normal modes around
1600 cm−1. This novel study provide insights into the specific nuclear motions
that drive the evolution of the excited state potential energy surface during SF in
hexacene.
In addition to identifying the vibrational motions that results in shuttling the
molecules into the 1(TT) states, mid-IR transient absorption has also provided
insights into the much-debated one step or two-step mediated mechanism for the
formation of 1(TT) during SF. For efficient harvesting of 1(TT), it is necessary to
examine the dynamics of its formation during the SF process. However, due to
spectral overlap between the 1(TT) and the separated triplets, it is challenging
to study the dynamics unique to that of the 1(TT) intermediate. To address
this, Chen et al. employed ultrafast mid-IR spectroscopy to characterize the
spectral features of the 1(TT) state in a covalently linked slip-stacked terrylene-
3,4:11,12-bis(dicarboximide) (TDI) dimers. [34] Their fsIR spectroscopy results
identified the spectral feature of 1(TT), which displayed some characters of the
T1 and charge transfer states in the carbonyl stretch and the C=C stretch regions
respectively. The simultaneous presence of vibrational characteristics of both the
triplet and charge transfer states indicated the formation of 1(TT) in TDI dimers
via a charge transfer-mediated SF process. In a similar study, Margulies et al. used
time-resolved spectroscopy in the vis-NIR and IR regions to elucidate the effect of
chemical substituents on SF in a series of cyano-substituted tetracenes. [35] They
observed distinct vibrational frequencies for the CN stretch mode in the singlet
and triplet states. By monitoring the dynamics of the vibrational band of the
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cyano group (CN), they found evidence of charge transfer species mediating 1(TT)
formation in one system. Therefore, these vibrational dynamical studies suggest
the first step in SF is the charge transfer mediated mechanism of 1(TT) formation
as opposed to the direct mechanism. The direct observation of a charge transfer
intermediates using vibrational spectroscopies highlights the role of the two-step
charge transfer mechanism for efficient SF. These investigations demonstrate that
the distinct narrow vibrational features are sensitive to the electronic states of the
chromophores and can be used to assign dynamics corresponding to each electronic
state, unique to vibrational spectroscopy.
Ultrafast mid-IR spectroscopy has also been employed to provide mechanistic
information during the subsequent steps of the SF process. Grieco et al. used
ultrafast mid-IR transient absorption and ns-to-µs time-resolved IR spectroscopy
to identify the spectral signatures of 1(TT) and 1(T...T) in TIPS-pentacene thin
films as depicted in Figure 2.2. [36,37] They probed the asymmetric alkyne (C≡C)
stretch of the side groups to follow the dynamics of the correlated triplet pair sep-
aration during SF. The mid-IR transient absorption spectra consisted of a narrow
alkyne stretch at 2132 cm−1 superimposed on a broad electronic photoinduced ab-
sorption (PIA) feature, which corresponded to the excited state absorption from
the S1 and
1(TT) as shown in Figure 2.2b and c. By analyzing the dynamics of the
PIA spectra in Figure 2.2d and e, they assigned the alkyne shift from 2132 to 2116
cm−1 to the 1(T...T) state and found that TIPS-pentacene molecules transitioned
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Figure 2.2: (a) Molecular structure and FTIR spectrum of the alkyne stretch
mode in TIPS-pentacene thin films. (b) Mid-IR transient absorption spectra af-
ter photoexciting to the S1 state. Ground state bleach (GSB) and photoinduced
absorption (PIA) resulting from correlated triplet pairs intermediates. (c) Spec-
tral slices from b at various time intervals highlighting the alkyne stretch mode
and broad photoinduced absorption from correlated triplet pairs. (d) Background
subtracted data from c, where marked arrowed corresponds to vibrational fea-
tures of the triplet excitons (2116 cm−1) and hot ground state (S0*) molecules
(2124 cm−1). (e) Transient plots at longer time delays displaying vibrational dy-
namics during SF. Reproduced with permission from American Chemical Society,
Copyright (2017).[36]
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within 3.4 ps from the 1(TT) to the 1(T...T) state. The authors also suggested that
the complete dissociation of the 1(T...T) state into T1 states occurs on a nanosec-
ond timescale. This study demonstrates the strength of directly probing vibra-
tional modes where it led to the identification and characterization of the 1(T...T)
state, an otherwise difficult-to-isolate state using electronic spectroscopies. Addi-
tionally, they observed an absorption feature at 2124 cm−1 corresponding to the
hot ground state (S0*) which reached half its final population within 50 ps. This
fast time scale of populating the S0* states was attributed to the excess energy
distribution after vibrational cooling from the initially photoexcited S0 states.
This study thus highlights the utility of probing vibrational motions to provide
insights about the energy dissipation pathways within electronic states along the
SF process. Monitoring the energy flow movement during SF will open up the
opportunity to understand its influence on the rate and yield of generation of the
separated triplets for their harvesting in optoelectronic devices.
In addition to thin films, Grieco et al. also used mid-IR transient absorption
to examine SF in solution by probing the local molecular environments in TIPS-
pentacene. [38] They monitored the temporal evolution of the C≡C stretch of
the side group and C–H stretch motions of the alkyl chains in the side group in
TIPS-pentacene solution. This study showed that the TIPS-pentacene molecules
form aggregates through their side groups that break the molecular symmetry,
enabling rapid and efficient SF rather than diffusive interactions of the excitons in
solution as previously thought. This study highlights the structural insights gained
from vibrational motions to better comprehend the intermolecular interactions
and symmetries that mediates SF. TRIR spectroscopy has thus emerged as a new
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technique capable of examining the excited state dynamics, structure and nature
of electronic states in SF chromophores through vibrational spectra. It has helped
to identify the vibrational signatures of the intermediates 1(TT) and 1(T...T), and
triplet excitons in acene systems. It has provided insights towards elucidating
charge transfer mediated SF process, nuclear motions driving the formation of
triplets, competition between relaxation pathways and triplet harvesting from
1(TT), and effect of intermolecular coupling and molecular symmetry on SF in
acenes. These studies demonstrate the utility of TRIR to explore the structural
origins of electronic states in materials for the development of future SF-based
optoelectronic devices.
2.3.2 Raman-based techniques
Steady state and time-resolved Raman spectroscopies can probe conforma-
tional changes by monitoring the inherently narrow vibrational Raman bands and
their sensitivity to changes in molecular structure during SF. Steady-state Ra-
man spectroscopy is useful in unambiguously assigning the structure of long-lived
triplet states. Picosecond and femtosecond Raman spectroscopies have been used
to characterize triplet states and illustrate SF in acenes and biological systems,
study the role of vibronic coherences in driving the photophysics, identify specific
nuclear motions along the SF reaction coordinate, and provide design guidelines
to modify the molecular structure for efficient SF in acene based chromophores.
Steady-state resonance Raman spectroscopy has been applied to determine
structure of the long-lived triplet states generated by the SF process, useful in
quantifying reorganization energies and identifying molecular structural changes
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between S0 and T1 states. For example, Angelella et al. probed the resonance
Raman spectra of both the ground and triplet state of perylene bis(dicarboximide)
(PDI) dimer. [39] They assigned 1324 (C–H in-plane bends), 1507 (perylene core
I), 1535 and 1597 (perylene core II) cm−1 bands to T1 signatures and noticed
that they were red-shifted with respect to corresponding bands in the S1 states.
Chen et al. also measured resonance Raman spectra of triplet states of tetramer
and hexamer oligothiophenes, showing that the T1 excitation is delocalized at
least over five rings. [40] Llansola-Portoles et al. used transient absorption and
resonance Raman measurements to prove that lycopene crystalloids extracted
from tomatoes undergo SF, the first time SF has been observed in a biological
structure. [41] In the steady-state they observed a power-dependent Raman band
at 1128 cm−1, corresponding to C=C stretches which have been previously shown
to be fingerprints of carotenoid triplet excited states. These studies illustrate
the utility of ground state resonance Raman to spectrally identify triplet state
structures.
Picosecond time-resolved resonance Raman (TRRR) spectroscopy, a pump-
probe technique that detects transient spontaneous Raman signatures, is an ef-
fective tool to quantify the triplet yields during SF. Wang et al. implemented
TRRR to prove that zeaxanthin aggregates undergo SF with ∼ 90–200% quan-
tum yield [42,43] and observed distinct vibrational features corresponding to the
ground S0, S1 and T1 states, with a triplet rise time of ∼ 4 ps. Relatedly, ultra-
fast stimulated Raman spectroscopy has been used by Jana et al. to examine the
structural dynamics in 9,10-bis(phenylethynyl)anthracene under resonance condi-
tion to during the 1(TT) formation. [44] Although TRRR can identify different
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electronic states associated in SF through vibrational modes, its temporal res-
olution is limited to 1–2 picoseconds, much longer than the ultrafast (<100 fs)
timescale of the relevant nuclear motions to map out the excited state reaction
coordinate during SF.
In order to understand SF enough to map out its potential energy surface,
researchers require the knowledge of the evolution of the electronic states and the
relevant nuclear coordinates as a function of time. Understanding the role of vi-
brational motions and vibronic couplings in the SF process has gained momentum
recently, with many groups attempting to determine the contribution of vibronic
coherence to the SF pathway. Stern et al. utilized TA and resonance Raman
spectroscopy to reveal that certain vibrational modes in TIPS-tetracene drive the
nuclear wavepacket originally generated in the S1 state to the
1(TT) potential
energy surface, suggesting that 1(TT) forms via a vibronic coherent process on
an ultrafast timescale (<300 fs). [45] 2DES is an electronic technique sensitive
to probing contributions of Raman active modes, and is able to extract such in-
formation through vibronic coupling. Bakulin et al. used 2DES to identify the
Raman bands in pentacene and its derivatives, suggesting that the mixing of vi-
bronic manifolds of the S1 and
1(TT) states play a key role in SF for pentacene
and two of its derivatives. The coupling between electronic and vibrational states
guides the photochemical reaction pathways in molecules. Identifying the coupled
nuclear motions and its effect on the coupling between the states can allow us
to synthetically modify existing molecules and design new molecules to tune the
outcome of the ultrafast SF process.
To identify the importance and nature of vibronic coherence during SF, Musser
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Figure 2.3: (a) Pump-dump-pulse experiment to observe vibrionic coherence in
the region of the excited state absorption in the triplet manifold. (b) Integration of
the frequency map in the dark blue bracket region in (a) generates the vibrational
modes of the triplet exciton. Spontaneous Raman spectrum in grey is to compare
the vibrational frequencies in the ground S0 and the triplet states (dark blue). (c)
Schematic representation of the progress in SF mediated via a conical intersection.
Reprinted by permission from ref [17]. Copyright (2015) Springer Nature.
et al. employed a pump-dump-probe technique to selectively depopulate the ex-
cited triplet states to measure the importance of vibronic coupling during SF
in thin films of 6,13-bis(triisopropylsilylethynyl) (TIPS)-pentacene. [17] Using the
three-pulse experiment, they isolated the vibrational coherence in the final excited
triplet states while removing the ground state coherence, Figure 2.3a. Integration
of the frequency map from the three-pulse experiment in the excited state absorp-
tion bands in the triplet manifolds and comparing it with the spontaneous Raman
spectrum revealed the distinct vibrational modes of the triplet exciton in Figure
2.3b. This transfer of the initially generated wavepacket in the singlet excited
state into the separated triplet states is mediated through the correlated triplet
pair indicating the presence of vibronic coupling between the S1 and the
1(TT)
states. They thus proposed that the presence of such strong vibronic coupling is
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evidence that SF in TIPS-pentacene undergoes the direct mechanism mediated
by a conical intersection between the singlet and triplet manifolds, as shown in
Figure 2.3c. Although this technique is unable to identify the specific nuclear
motions driving the system towards the crossing, the presence of conical inter-
section explains the high rate and efficiency of SF in TIPS-pentacene and helps
to map out a part of the complex potential energy surface. This model of the
presence of conical intersection mediating the SF process can thus be generalized
to other ultrafast SF chromophores. The understanding of coherences can be used
for effective designing of new SF chromophores by modulating the strength of the
vibronic coupling between the S1 and
1(TT) states.
In crystals, the coupling of individual molecular vibrations with the lattice
play a role in driving SF relevant photophysical processes. Impulsive stimulated
Raman spectroscopy can observe the low frequency modes of these excited elec-
tronic states without interference from Rayleigh scattering. Schnedermann et al.
combined excited-state time-domain Raman spectroscopy and quantum mechani-
cal simulations to probe the nature of the vibrational coherence in the 1(TT) state
and to identify the vibrational modes driving the SF process to construct a molec-
ular movie of the ultrafast SF in real-time in a pentacene dimer. [46] Integrating
the wavelength-resolved impulsive Raman data in different spectral region, they
obtained the vibrational modes unique to S0, S1 and
1(TT) states, as shown in
Figure 2.4a and 2.4b. Their results demonstrated the roles vibrational modes with
A1 symmetry and B1 or B2 symmetry, as shown in Figure 2.4c, play during SF.
Vibrational modes with A1 symmetry do not mediate the coupling between S1
and 1(TT) states, but instead modulate the pentacene core structure and act as
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tuning modes associated with in-plane ring deformation motions during the SF
reaction. Meanwhile, modes with B1 or B2 symmetry correspond to the coupling
modes, which are associated with the twist around the pentacene-pentacene bond.
Figure 2.4: (a) Wavelength-resolved impulsive Raman spectra of pentacene dimer
after impulsively populating the S1 state. The marked regions represent the spec-
tral map of the S1, S0 and
1(TT) states. (b) Integrated region of the bracketed
regions in (a) generates the impulsive Raman spectra of different species: stimu-
lated emission (S1), ground state bleach (S0) and excited state absorption (
1(TT)).
The off-resonant impulsive Raman spectrum in ground state is in grey for com-
parison of the vibrational modes in the excited states. (c) Representative normal
modes for the tuning and coupling mode during SF. Reprinted by permission from
ref [46]. Copyright (2019) Springer Nature.
Their real space movie showed that the first 75 fs was dominated by in-plane
ring deformation which positions the energy levels for efficient S1 to
1(TT) transi-
tion. The next 125 fs was dominated by the twist around the pentacene-pentacene
bond which drives the conversion of the S1 to
1(TT). However, the coupling modes
were computationally predicted to be less intense than the tuning modes by an
order of two, hence were obscured and rarely observed experimentally. Using a
vibrationally sensitive technique, this study not only highlights the function of
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vibrational modes during SF in real time but also recognizes the driving motions
for efficient 1(TT) generation in real time, which was previously unknown. Iden-
tifying those unique nuclear motions can then be used for either mode-selective
excitation to facilitate the efficient 1(TT) generation and can be used as guidelines
to synthetically modify chromophores that can display those vibrations without
attenuation for their use as efficient SF chromophores.
Femtosecond stimulated Raman spectroscopy (FSRS) is an ultrafast struc-
turally sensitive technique used to study real-time transient structural evolution
during SF. FSRS can provide vibrational structural information on a timescale
which is comparable to the time period of the probed nuclear motions. It can
have both high temporal (sub-50 fs) and spectral (10 cm−1) resolution, while still
obeying the Heisenberg’s uncertainty principle. What sets FSRS apart from other
IR-based techniques is that it can simultaneously probe vibrational features over
a wide spectral window of 3000 cm−1. This is important as the SF chromophores
displays numerous vibrational motions over a wide frequency range, and FSRS
can probe them all together as compared to other ultrafast IR spectroscopies,
that are typically limited to narrower spectral region. Even though the scattering
cross-sections are the same as for spontaneous Raman, the scattering signal is en-
hanced by six orders of magnitude in FSRS leading to high signal-to-noise ratios
and shorter acquisition times. Additionally, FSRS is a nearly fluorescence-free
technique due to the signal being detected in the small solid angle. This unique
property of FSRS makes it well-suited to study SF chromophores where fluores-
cence background can overwhelm the vibrational signatures of interest. Each of
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these unique qualities of FSRS helps to obtain relevant changes in vibrational en-
ergies across broader regions of the same molecules during SF, providing a more
holistic view of structural change during SF.
In order to obtain structural information used to determine the mechanism
of SF, Hart et al. used FSRS to study the triplet formation mechanism in crys-
talline pentacene. [47] From the FSR spectra of pentacene crystals, they observed
a broad transient absorption background, which corresponded to spectral signa-
tures of triplet states formed beyond ∼ 800fs. Before the formation of the triplet
states, they observed two excited state Raman peaks, one upshifted and one down-
shifted by ∼ 5–25 cm−1 for each of the ground S0 peaks. Based on the kinetics
of the Raman vibrational modes and theoretical calculations, they assigned the
split Raman bands to intermediates with charge transfer character, suggesting
that SF in crystalline pentacene proceeds via the two-step charge transfer me-
diated mechanism. Therefore, this study provides insights into the evolution of
the intermediate charge transfer states on the highly anharmonic potential energy
surfaces and suggests that anionic and cationic species could play a role in facili-
tating efficient SF. This work lays out the structural evolution in molecules during
the early 1(TT) formation step during SF, which can help in modifying existing
materials for effective optoelectronic devices.
The 1(TT) state must separate into triplets for efficient harvesting of solar
energy and thus further investigation of the structural reorganization during the
separation of the 1(TT) is needed. In order to gain insights into the molecular
nuclear dynamics during the SF triplet separation process, Bera et al. studied the
structural evolution in crystalline rubrene with FSRS (Figure 2.5a). [48] As
26
Figure 2.5: (a) Molecular structure and time-resolved FSR spectra in crystalline
rubrene at different time delays after photoexcitation. (b) Transient time evo-
lution of the 1430 cm−1 Raman mode displaying a blue shift during the 1(TT)
separation in rubrene, FM-rubrene and F-rubrene. (c) Total shift of the 1430 cm−1
Raman mode and the associated rate constant for this peak shift as a function
of total charge on the tetracene backbone calculated from natural bond orbital
(NBO) population analysis in the rubrene derivatives series. Adapted with per-
mission from American Chemical Society, Copyright (2017) [48] and reference
[49].
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shown in the time-resolved FSR spectra in Figure 2.5a, they not only observed
a vibrational feature around 1660 cm−1 corresponding to the 1(TT) state, but
also two Raman modes around 1430 cm−1 and 1542 cm−1 that displayed large
transient frequency shifts to higher frequencies. Analyzing the dynamics of these
Raman peak frequencies, they found that these frequency shifts occur on the same
timescale as the separation of 1(TT) to 1(T...T). Based on spontaneous Raman
measurements on a rubrene derivative and density functional theory calculations
on rubrene charged species, they attributed the blue shift of the Raman modes
during the separation of the correlated triplet pair 1(T...T) to a structural reor-
ganization that shifts the electron density away from the tetracene core of the
crystalline rubrene molecules. Given that the 1(TT) → 1(T...T) is associated
with loss of electron density, they proposed that molecules that facilitate similar
changes in core electron density will undergo efficient SF.
Building off on the structural evolution knowledge gained during crystalline
rubrene SF, Bera et al. have successfully screened and designed fluorinated
rubrene derivatives, F-rubrene and FM-rubrene, with reduced core electron den-
sity, as shown in Figure 2.5c to study the prospects of spectroscopy-guided rational
designing of SF chromophores. They observed similar blue-shifting of the tran-
sient Raman peak at 1430 cm−1 in the rubrene derivatives as they observed in
unsubstituted rubrene, as summarized in Figure 2.5b. However, the derivatives
displayed lower frequency shifts on a much faster timescale compared to rubrene.
Therefore, not only did they provide the first experimental evidence of SF in those
rubrene derivatives, but they also observed SF rates an order of magnitude higher
in the derivatives than non-substituted rubrene (Figure 2.5c). Using FSRS, they
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demonstrated that the fluorinated rubrene derivatives undergo less structural re-
organization than rubrene because the initially more electropositive tetracene core
does not have to lose as much electron density to generate the 1(T...T) state. [49]
The knowledge of the structural evolution in regards to the electron distribu-
tion provides a new synthetic control over the ultrafast SF process. Therefore,
this study bridges the gap between the spectroscopic results and its realization
as practical application to devise principles for novel materials with better SF
properties which goes beyond the energy criteria. These studies by Bera et al.
demonstrate the fulfillment of the long-harbored promise of spectroscopy-guided
rational engineering design and syntheses formulations of future chromophores for
efficient SF.
Thus, ultrafast Raman spectroscopy is ideally suited to investigate the in-
fluence of molecular structure on SF, with a unique combination of broadband
probing, high temporal resolution, and compatibility with small sample volumes.
It has been used to identify the vibrational signatures of the 1(T...T) and charge
transfer intermediate species, unique nuclear motions driving the photoexcited
wavepackets to the triplet states, structural reorganization during the triplet for-
mation and insights into molecular designing principles. These advances provide
means to implement the structural evolution knowledge into synthesizing new SF
sensitizers.
2.4 Recent Developments & Future Directions
Vibrational spectroscopy is a well-equipped field to discern underlying mech-
anism, vibronic couplings and molecular structural changes across different steps
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in the SF process. While we have discussed the unique capabilities of vibrational
spectroscopy that advanced the SF field, vibrational techniques have yet to reach
their full potential in helping us identify design principles for making better chro-
mophores for SF-based devices. In addition to the recent advancements in the
SF community, vibrational spectroscopies can have multiple interesting avenues
to explore as we discuss in this section.
2.4.1 Magneto-vibrational spectroscopy
The coupling of two triplet states can result in triplet 3(TT) and quintet 5(TT)
states in addition to the singlet 1(TT) state. Although quintet 5(TT) states have
been observed as SF intermediates in TR-EPR studies, [27, 28, 50] we do not un-
derstand their roles in SF well because their electronic and vibrational spectral
features are highly similar to that of the 1(TT) state. Incorporating a strong mag-
netic field with a vibrational technique can make it possible to differentiate the
vibrational features of 1(TT), 3(TT) and 5(TT) intermediates and may help us
understand whether strong 1(TT), 3(TT) and 5(TT) coupling is desirable for SF
process. We can also learn if certain vibrational motions drive molecules towards
any of the 1(TT), 3(TT) and 5(TT) states, and use that insight to optimize cer-
tain excitation pathways. While not yet utilized in a SF study, magnetoinfrared
spectroscopy, where IR spectra were collected under magnetic fields of various
strengths, was used to investigate magnetic transitions in single crystals of an-
tiferromagnet [Cu(HF2)(pyz)2]BF4. [51] Musfeldt et al. observed red shifting of
out-of-plane pyrazine ring deformation and out-of-plane C–H bending modes at
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higher magnetic fields, revealing that the pyrazine ring was distorted to accom-
modate the fully polarized magnetic state. [51] If a similar magneto-vibrational
technique were to be applied on SF systems, we would have a better understanding
of the dynamics involved with 3(TT) and 5(TT) during SF and if the three-step
process in equation 2.1 is actually an accurate description of SF in all molecu-
lar systems. Based on this spectroscopic technique, molecular systems where the
appropriate relative molecular orientations and vibrational motions can access
the 3(TT) and 5(TT) can be designed for understanding SF from a mechanistic
viewpoint.
2.4.2 Mode-selective excitation
Another exciting future possibility is the application of mode-selective excita-
tion to drive or inhibit SF in organic chromophores in order to confirm the role
of specific nuclear contributions in the SF process. Mode-selective excitation and
inhibition of Raman or IR modes can be achieved by shaping femtosecond pulses
to excite desired vibrational modes while suppressing others. [51] For example,
Grumstrup et al. made use of adaptive pulse shaping to increase triplet yield in
tetracene films, leading to a 20% increase in the triplet absorption feature. [52]
A computational study by Castellanos et al. also revealed that destructive in-
terference between two co-existing charge-transfer mediated fission pathways in
a model pentacene dimer can be suppressed by intermolecular vibrations, lead-
ing to a more efficient SF process. [53] Recently, Paulus et al. identified excited
state vibronic coherences in iron(II)-based chromophores, and then synthetically
modified the molecules to interfere with the vibrational modes associated with
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the coherences, which led to more than a 20-fold increase in the lifetime of the
photo-induced excitons. [54] Similar studies could be done with SF chromophores,
where it is possible to synthetically modify molecular structure to affect the vibra-
tional motions of interest that facilitate SF while simultaneously inhibiting other
relaxation pathways, increasing exciton lifetimes and diffusion lengths, therefore
improving the efficacy of SF based photovoltaics.
2.4.3 Terahertz spectroscopy
Analogous to vibronic coupling, phonon modes can couple to electronic states
in thin-films or crystalline chromophores undergoing SF. Terahertz (THz) spec-
troscopy is a vibrational technique that spans the electromagnetic spectrum be-
tween the microwave and the far IR regions, matching the energies of crystalline
phonon vibrations and intermolecular bonding. [55] Although not yet utilized in
a SF study, it has been increasingly used to investigate carrier dynamics in pho-
tovoltaic materials. [56] In a recent example, Lan et al. used time-resolved multi-
THz spectroscopy to probe coherent and incoherent charge carrier dynamics in low
temperature orthorhombic phase of methylammonium lead iodide perovskite. [57]
With the aid of computational calculations, they assigned excited-state THz spec-
tral features to two distinct populations of free and bound excitons that appeared
at different time scales. They also observed charge coupling to the low energy
phonon mode at 30 cm−1, which likely arose from mixed inorganic and organic
sublattice motion. Employing THz spectroscopy to SF systems would help to de-
cipher the roles that phonons or intermolecular interactions play during each step
of the SF process. This will enhance our understanding further into the role and
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importance of lattice orientation and molecular packing contributions to efficient
SF.
2.4.4 Exciton transport
As our understanding of the SF mechanism improves, more studies emerge
that are dedicated to optoelectronic device optimization. We believe that the
next step forward, in addition to synthesizing newer classes of SF chromophores,
is to minimize energy losses from transport by understanding how the charge
carriers propagate. Previous studies have mainly employed electronic spectro-
scopic techniques such as TR-PL and TA to study the charge carrier transport
and recombination dynamics during SF. For example, Akselrod et al. have im-
aged exciton transport in tetracene crystal and thin film by detecting the delayed
fluorescence from triplet-triplet fusion. [58] This study showed the importance
of nanoscale morphology on exciton transport: the transit mode in crystals was
random walk diffusion, but was sub-diffusion in thin films due to the presence of
exciton traps. Meanwhile, Huang et al. utilized transient absorption microscopy
(TAM) to simultaneously image singlet and triplet exciton transport and discov-
ered the cooperative nature of their transport. [59] As singlet and triplet excitons
have different TA bands, Huang et al. generated separate exciton maps to extract
diffusion lengths of singlet and triplet excitons in SF chromophores respectively.
Although these time-resolved spectroscopic techniques have provided valuable in-
formation about the exciton charge transport dynamics, they do not provide the
influence of molecular structural properties on the transport process, making it
harder to target specific functional groups to improve the transport properties of
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Figure 2.6: (a) Schematic representation of the pulse profiles and raster scan for
SO-FSRS experimental set-up. (b) Evolution of the 1386 cm−1 vibrational mode
depletion in TIPS-pentacene at different photoexcitation positions over time. The
dashed circle represents the position of the Raman probe pulse. The arrow in the
rightmost panel represents the diffusion direction of the excitons generated in
bottom right photoexcitation position, which falls along the fast exciton trans-




To extract molecular structural information during transport, Kwang et al.
have recently developed spatially offset femtosecond stimulated Raman spectrosc-
opy (SO-FSRS), which combines the strength of vibrational studies and exciton
transport imaging. [60] As seen in Figure 2.6a, the photoexcitation pulse is raster-
scanned across the Raman pump and probe pulses, which are held stationary
with time. Thus, excitons need to propagate from the initial photoexcitation
zone to the probing zone before they can be observed. Although SO-FSRS is
still a technique in its infancy, it verified that the fast exciton transport axis
is identical to that of free charge carriers in TIPS-pentacene and that exciton
transport is less anisotropic than free charge carrier transport. By tracking the
Raman bleaching features of TIPS-pentacene at each photoexcitation location,
they generated excited state structural maps at multiple time delays as shown
in Figure 2.6b, providing a visual representation of exciton transport over time.
This allows us to observe how molecular structure evolves spatially as excitons
travel through the material. As the vibrational analog of TAM, SO-FSRS can
help to identify specific molecular interactions that facilitate or hinder charge and
exciton transport in SF systems for future studies. By offering valuable insight on
how to design molecules that both undergo efficient SF and have long-range energy
transport efficiency, SO-FSRS helps to move closer to achieving commercialization
of SF based optoelectronic devices.
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2.5 Conclusions
This chapter demonstrates that the vibrational spectroscopy has emerged as a
technique capable of examining the influence of molecular structure and its evo-
lution in chromophores to broaden the understanding of SF, as well as to give
roadmaps on how to modify existing molecules to make them better suited for
SF-based applications. The importance of vibrational motions in SF research
started with the realization that vibronic coupling mediates the SF process in
many organic chromophores. Combined with theoretical studies, this has given a
considerable amount of momentum for the employment of vibrational spectroscopy
to understand the role of molecular structure of the materials on the electronic
states and its influence on the SF efficiency. The sensitivity of vibrational fea-
tures to local environments makes it possible to identify molecular interactions
that facilitate or hinder progress in each step of the SF mechanism. Studies using
time-resolved infrared spectroscopy have identified the specific nuclear motions
driving the coherent SF process, thereby providing a tool to control photochem-
istry. Ultrafast Raman spectroscopy has successfully exhibited its strength in
providing real-time structural reorganization knowledge of the excited electronic
states and have guided the screening procedure and intelligent design principles
for efficient SF chromophores. These techniques together help understand the SF
pathway and provides roadmaps to design new molecules that are better suited
for SF applications by modifying specific areas within existing molecules.
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3.1 Overview
Singlet fission generates multiple excitons from a single photon, which in the-
ory can result in solar cell efficiencies with values above the Shockley-Queisser
limit. Understanding the molecular structural dynamics during singlet fission will
help to fabricate efficient organic photovoltaic devices. Here we use femtosec-
ond stimulated Raman spectroscopy to reveal the structural evolution during the
triplet separation in rubrene. We observe vibrational signatures of the correlated
triplet pair, as well as shifting of the vibrational frequencies of the 1430 and 1542
cm−1 excited state modes, which increase by more than 25 cm−1 in 5 ps. Our
results indicate that the correlated pair separation into two individual triplets
occur concurrently with the loss of electron density from the tetracene backbone
in rubrene. This study provides new insights to the triplet separation process
and proves the utility of structurally-sensitive ultrafast vibrational techniques to
understand the mechanism of singlet fission.
3.2 Introduction
The efficiency of single junction photovoltaic devices is limited by the Shockley-
Queisser limit to values of ∼ 34%. [1] Fortunately, this number can be increased
to 45% through a process known as singlet fission (SF) in which two electron-
hole pairs are generated from a single photon. [2, 9] This phenomenon has been
used in photovoltaics and photodetectors with an external quantum efficiency of
109% [6] and ∼ 100% [61], respectively, due to the high efficiency of singlet to
triplet conversion. [3, 16] Despite these promising advances, photodriven devices
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that make use of SF are not yet viable for widespread commercial adoption and
further gains in overall efficiency will likely require a greater understanding of the
mechanisms of energy conversion and charge transport in order to minimize losses.
The process of SF is depicted in a simplified form as [62]
S0 → S1 ↔ 1(TT)→ 1(T...T)→ T + T (3.1)
After photoexcitation, a singlet exciton (S1) interacts with a neighboring gro-
und state molecule forming a correlated triplet pair, 1(TT), followed by the sep-
aration of the triplet pair, 1(T. . . T), and eventual separation into two individ-
ual triplets. Previous studies have largely examined the triplet generation pro-
cess [2,3,22,63–65], which is typically extremely efficient in most SF materials and
thus, challenging to optimize further. However, only a few have identified struc-
tural signatures of the correlated triplet pair [23, 25, 66, 67] and its subsequent
separation dynamics. [24,66,68] Triplets formed after the separation of the corre-
lated pair typically have a very long lifetime which helps in exciton diffusion to
interfaces for energy harvesting. [69] However, the correlated triplet pair must first
separate to generate the uncorrelated triplets for further solar harvesting. This ne-
cessitates understanding the underlying dynamics of triplet separation process in
SF to identify the specific structural properties needed to generate new materials
for highly efficient organic photovoltaics.
Rubrene is an organic semiconductor that undergoes SF in the orthorhombic
crystalline form. [70–72] The structure of rubrene is shown in the inset of Figure
3.1a, consisting of four phenyl rings, two on each side of a tetracene backbone.
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In rubrene, the energy of the S1 state is approximately equal to twice the en-
ergy of the T state, [71, 73, 74] which is one of the required properties for any
molecule to undergo SF. [2, 3] Many studies have shown that rubrene undergoes
efficient SF, thereby generating triplets [71, 75, 76] that have long lifetimes (ns-
µs) and long exciton diffusion lengths. [75, 77] The quantum efficiency of triplet
generation through SF in rubrene crystals is ∼ 100%, [78] making it a model
system to investigate the structural dynamics associated with SF and multiexci-
ton migration. Even though the fluorescence lifetime in rubrene crystal lasts for
picoseconds, [71, 72, 75, 76] a recent 2D electronic spectroscopy (ES) study found
that the formation of the correlated triplet pair is extremely fast, on the order of
20 fs, and is in equilibrium with the bright S1 state, and the correlated triplet pair
has a lifetime of 2 ps before separating into two separate triplets. [24] However,
to fabricate devices with optimal charge separation and transport properties, it is
important to understand the underlying structural dynamics occurring during SF
in order to optimize molecular design for efficient solar energy conversion. Thus,
structural studies to examine the molecular motions involved with all of the steps
in the SF process are urgently needed.
To provide new insights into the molecular conformational changes occurring
during SF, we use femtosecond stimulated Raman spectroscopy (FSRS) in a mi-
croscope configuration [79] to follow the structural evolution of rubrene during SF
and subsequent triplet pair separation. FSRS is an ultrafast vibrational technique
that allows for the determination of structural changes in a chemical reaction by
monitoring the vibrational modes of the system with high temporal (as short as 50
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fs) and spectral resolution (<10 cm−1). [80–85] Since FSRS can monitor the struc-
tural changes on the ultrafast timescale of correlated triplet pair generation and
separation by probing vibrational dynamics of the system in its excited state, it is
well-suited to study the photo-physical processes of SF and triplet pair separation,
thus mapping out the potential energy surfaces associated with the dynamics.
3.3 Methods
3.3.1 Rubrene crystal growth
We used ≥ 98% purity rubrene powder from Sigma Aldrich and grew the
rubrene crystals using the previously reported methods of physical vapor trans-
port. [86,87] We heated the furnace overnight at 350◦C before the crystal growth
to minimize impurity content. We then placed 16 mg of rubrene powder in a glass
boat inside the furnace in the presence of 0.1 MPa Argon gas with a flow rate of
100 ml/min for 90 minutes to create an inert atmosphere. We heated the furnace
to 330◦C at the source region by a thermocouple for 35 min and the crystals were
formed 5–8 cm away from the source region. We obtained long needle-shaped
orange colored rubrene crystals, 4–6 mm long, and then mounted them onto glass
slides. F20 rubrene was prepared according to our previously reported route. [88]
3.3.2 UV-visible spectroscopy
We obtained the absorption spectrum of rubrene crystals using UV-2600 UV-
Vis spectrophotometer by Shimadzu in transmission mode.
42
3.3.3 Continuous wave Raman spectra
We obtained the spontaneous Raman spectra of rubrene crystals and F20
rubrene powder using a home-built Raman spectrometer. We passed a 785 nm
laser through a 30:70 beam splitter and focused onto the sample through a 10x
Olympus objective. The power of the laser at the sample was 21 mW and we
collected the Raman signal in a back-scattering geometry using a Princeton In-
struments 2500i spectrograph and a Princeton Instruments PIXIS 100BX CCD
array.
3.3.4 Femtosecond stimulated Raman spectroscopy
We collected the time-resolved Raman data on a home-built setup which em-
ployed Coherent model Libra-F-1K-HE-110 femtosecond amplifier. [79] The 4.6
W fundamental output at 800 nm was used to generate the three pulses for the
FSRS studies. We passed 480 mW of the fundamental output beam through our
home-built grating filter to generate a 2.1 ps narrowband Raman pump. [82] We
generated the broadband continuum femtosecond Raman probe by passing 2.5
mW of the 800 nm fundamental output through a 2 mm thick sapphire crystal
followed by a RG830 long pass filter and then compressed it with a fused silica
prism compressor. The photoexcitation pump was generated by a home-built non-
collinear parametric amplifier (NOPA). NOPA generation required a seed pulse
and a 400 nm pump pulse. The white light seed continuum was generated in a 2
mm thick sapphire crystal. The 400 nm pump pulse was generated by frequency
doubling the 800 nm fundamental output using a BBO crystal. The two pulses
were then mixed in a 1 mm thick BBO crystal and the resultant visible light was
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passed through an SF10 prism compressor to minimize the linear chirp. The pho-
toexcitation pump was tuned to a central wavelength of 536 nm and a FWHM
of 14 nm with a Gaussian spectral shape. We sent the three pulses through an
inverted Olympus IX 73 microscope and focused them non-collinearly onto the
sample using a 35 mm focal length lens. We used a piezoelectric stage to vary the
time delay between the photoexcitation pump and the Raman pump-probe. The
cross-correlation of the photoexcitation pump and the Raman probe was 250 ±
2 fs as measured by the optical Kerr effect with a 2 mm cuvette of cyclohexane.
We focused the Raman probe and the stimulated Raman signal using a 100 mm
focal length lens on to a 1/3 meter spectrograph and a Princeton Instruments
PIXIS 100F CCD array that collected the spectra at a kHz repetition rate. We
used a home-built Labview program to collect the femtosecond stimulated Raman
spectrum where each spectrum was collected for 20–90 seconds and obtained the
Raman gain spectra by dividing the Raman pump on spectra over Raman pump
off spectra.
3.4 Results & Discussions
The steady state absorption spectrum of rubrene single crystal shows four
absorbance maxima at 438 nm, 464 nm, 497 nm and 536 nm which indicates a
vibronic progression of ∆ω = 1391 cm−1, as shown in Figure 3.1a. For FSRS
measurements, we photoexcited the rubrene samples with a 536 nm femtosecond
laser pulse as indicated in Figure 3.1a. The inset of Figure 3.1b shows the rubrene
crystal used for FSRS measurements that we grew using physical vapor transport,
resulting in a needle-like crystal (Figure A.1).
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Figure 3.1: (a) Steady state absorption spectrum of the rubrene crystal used for
FSRS measurements along with the molecular structure. (b) Spontaneous Raman
spectrum of this rubrene crystal with the incident p polarized 785 nm excitation
normal to the ab plane with prominent peaks indicated by the dashed lines. The
inset shows a representative rubrene crystal image under the microscope used for
our FSRS studies. The scale bar is 0.4 mm in length.
We tried FSR measurements on both platelet and needle crystals, but were
only able to see excited state Raman signatures on needle crystals, possibly due to
higher optical density obtained with needle samples. Figure 3.1b shows a ground
state spontaneous Raman spectrum of the needle crystal used for FSRS with 785
nm excitation. The intense Raman bands in the 1002 cm−1 to 1213 cm−1 region
correspond to C–H wagging modes and the bands in the 1300 cm−1 to 1541 cm−1
are assigned to C–C stretching modes in the tetracene backbone of rubrene based
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on our DFT calculations.
Figure 3.2: FSR spectra of crystalline rubrene at various time delays following
photoexcitation. The shaded regions indicate different excited state features dur-
ing the SF and triplet separation processes. Transient features are seen at Raman
shift values of 1117, ∼ 1430, ∼ 1542 and 1660 cm−1. The features around 1430
and 1542 cm−1 shift to higher frequencies with increasing time delay.
We used FSRS to study the excited state structural dynamics during SF and
triplet separation in rubrene crystals with an instrumental response function of
250 ± 2 fs with transmission geometry in an optical microscope. A raw FSR
spectrum contains stimulated Raman signals from both the ground and excited
states. To obtain only the excited state features, we subtracted the FSR spectra of
the ground state taken in the absence of the photoexcitation pump from identical
46
spectra collected in the presence of the photoexcitation pump. We show the FSR
spectra after this one-to-one subtraction in Appendix A Figure A.4. The large
depletion of the ground state peaks in the excited state spectra demanded the
addition of scaled ground state spectrum, as is customary in FSRS. [89–91] Hence,
we added the ground state back to the excited state difference spectra until no
depletion of any of the ground state peaks were observed (kinetics shown in Figure
A.5, in accordance with previous work [24]), resulting in Figure 3.2. We assign
each of the shaded features observed in the time-resolved spectra in Figure 3.2
as peaks and not regions between two valleys after careful evaluation of baseline
shape across the full frequency region at all time points, as well as consideration of
the transient frequency evolution dynamics which are in agreement with previous
ultrafast electronic spectroscopic work. [24] The trace in violet at the bottom of
Figure 3.2 is the ground state stimulated Raman spectrum of rubrene scaled by a
factor of one fifth. In this work, we focus mainly on the four vibrational peaks in
regions around 1117, 1430, 1542 and 1660 cm−1, as indicated by shading.
From Figure 3.2, we observe large frequency shifts of two modes, shaded in
green and blue, on picosecond timescale. These modes appear around time zero
at frequencies of 1430 and 1542 cm−1, and shift to frequencies of 1478 and 1580
cm−1 by 30 ps. The peak around 1660 cm−1, shaded in pink, grows rapidly and
decays in intensity on the picosecond timescale. A fourth feature at 1117 cm−1,
marked with grey shading, grows in on the picosecond timescale.
Figure 3.3a shows the kinetic fits of the amplitude for the features around
1117, 1430, 1542 and 1660 cm−1, and Figure 3.3b shows the kinetic fits of the
peak frequencies for the bands around 1430 and 1542 cm−1. Table 3.1 summarizes
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Figure 3.3: Time resolved kinetics of vibrational modes and transient features in
crystalline rubrene. The markers represent the raw data obtained from the spec-
tral fitting and the solid lines indicate the exponential fits. (a) Raman amplitude
of vibrational modes and transient absorption (TA) feature of rubrene crystal.
(b) Transient Raman frequency shifts. (c) Comparison of spontaneous Raman
and DFT calculations examining effects of charge density changes on vibrational
frequencies. Shades of green represent the shift of the 1430 cm−1 mode while the
shades of blue represent that of the 1542 cm−1 mode in cation, anion and neutral
form of rubrene.
the time constants associated with the kinetic fits. An additional time constant
of tens of nanoseconds, corresponding to the triplet lifetime, was held constant
to fit the amplitude dynamics of the 1117, 1430 and 1542 cm−1 features. We
see that the band around 1660 cm−1 grows in amplitude within 240 ± 44 fs and
decays within 2.2 ps. This band is absent in the ground state spectrum, which
indicates it as an excited state, transient intermediate feature. A 2D ES study
reported that the correlated triplet pair, 1(TT) in rubrene single crystal attains
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Table 3.1: Time constants obtained from the exponential fits of TA feature and
mode-specific Raman amplitudes and frequencies. Time constants without errors
are held in the fitting.
Raman and TA Amplitude Raman Frequency
Feature (cm−1) τ1 (fs) τ2 (ps) τ3 (ps) Shift τ4 (ps)
1660 240 ± 44 2.2 ± 0.2
1430 240 2.2 9.9 3.3 ± 0.2
1542 240 2.2 9.9 4.5 ± 0.3
1117 (877 nm TA) 9.9 ± 0.8
its maximum population within 20 fs and then undergoes vibrational relaxation
until 2 ps, when triplet separation begins. [24] Thus, we assign the 1660 cm−1
feature to that of the correlated triplet pair, 1(TT). Therefore, we conclude that
structural evolution after 2 ps provides information about the mechanism of triplet
pair separation. In this chapter, we are focused on monitoring the dynamics after
the correlated triplet pair is formed followed by its separation into two triplets,
as we do not have the time resolution required to monitor the kinetics before
the formation of the correlated triplet pair. We also observe that the kinetics of
the feature around 1117 cm−1 grows within 9.9 ± 0.8 ps and has a long lifetime.
The transient absorption (TA) data for the rubrene crystal, in the absence of the
Raman pump, shows a similar narrow feature at 877 nm from Figure A.6, which
is indicative of an excited state absorption. This TA peak corresponds to the
1117 cm−1 feature in the FSRS data in Figure 3.2. Thus, we assign the 1117
cm−1 feature to a transient absorption signature of the separated triplet states in
accordance with previous reports. [71]
Interestingly, the two modes at 1430 and 1542 cm−1 undergo spectral evolution
in the first several picoseconds following photoexcitation. We observe both the
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modes shift to higher frequencies by more than 26 cm−1 by 5 ps. Two possible ex-
planations for a blue shift of frequency in the ultrafast vibrational spectra can be
either vibrational cooling or structural rearrangement. [85, 89, 92, 93] Vibrational
cooling is accompanied with increasing vibrational frequency and decreasing vi-
brational linewidth. However, we do not see any decrease in the linewidth of the
peaks (Figure A.7). Additionally, vibrational cooling is not expected to be signif-
icant given that we are exciting on the red edge of the absorption spectrum. This
implies that the blue shift in the frequencies of the 1430 and 1542 cm−1 modes
must be due to structural rearrangement in the excited state.
The ground state spectrum of rubrene has peaks at 1434 and 1545 cm−1, which
correspond to the C–C stretching and C–H wagging motions in the tetracene core
of rubrene. Our DFT calculations support these mode assignments. The excited
state spectra show similar features at 1430 and 1542 cm−1 at time zero. This
suggests that these two bands at time zero are associated with the tetracene core
vibrational motions. Since the two bands at 1430 and 1542 cm−1 shift in frequency
in the first several picoseconds after photoexcitation, the shift in frequency must be
associated with structural rearrangement of the tetracene core during the triplet
separation process. One possibility for these dramatic frequency shifts is a change
of electron density in the tetracene moiety of the molecule.
To test the hypothesis that changes in the electron density of the tetracene
core cause the frequency shifts observed in the transient Raman spectra, we per-
formed spontaneous Raman measurements on a fluorinated rubrene to see how
the fluorine substitution affects the vibrational frequencies of the tetracene core.
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We used F20 rubrene, in which all hydrogens on the four phenyl rings are re-
placed with fluorine, as a mimic for a system with reduced electron density in
the tetracene core due to the presence of the electronegative fluorine atoms. [88]
We plot spontaneous Raman measurements on the powder form of both rubrene
and F20 rubrene in Figure 3.3c. To prove that the difference between powder
and crystalline states has no effect on the high energy vibrational frequencies, we
measured the spontaneous Raman spectrum obtained from rubrene single crystal,
rubrene powder and rubrene solution in chloroform and plotted them in Figure
A.10. Since we do not see any change in the high energy frequencies between the
three samples, it is safe to assume that the effect of fluorine atoms in F20 on the
tetracene core will be the same in solution, powder, or crystalline form. From
Figure 3.3c, we observe that the vibrational modes at 1434 and 1541 cm−1 in
rubrene increase in frequency in F20 rubrene to 1444 and 1543 cm
−1, respectively.
The 1541 cm−1 mode shifts in frequency by 2 cm−1 while going from rubrene to
F20 rubrene, and this frequency difference is significant given that we are able to
resolve peaks separated by 1 cm−1 due to the high signal to noise ratio from our
samples. The shift in the two vibrational modes are in the same direction as the
shifts seen in the transient FSR spectra. Thus, we infer that the blue shift in
the frequencies observed in the FSR data could be caused by removal of electron
density from the tetracene core.
To provide further support to the idea that the tetracene core loses some charge
density during triplet separation, we compared the experimental Raman frequen-
cies to DFT calculations. Although DFT cannot tractably calculate the complex
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Table 3.2: Experimental Raman frequencies for rubrene and F20 rubrene, and





Rubrene F20 Neutral Anion Cation
Terminal C=C stretch
1434 1444 1416 1362 1467in tetracene core
and C–H wagging
C–H scissoring and
1541 1543 1524 1518 1531C=C stretch in
tetracene core
nature of SF due to the need to include a number of interacting excited state po-
tential energy surfaces, it is quite accurate for vibrational frequency calculations.
Although the isolated single molecule used for these calculations cannot accurately
model any exciton delocalization or band structure of the rubrene molecular crys-
tal, previous work on rubrene has shown that vibrational frequency calculations
at single molecule level do rigorously match experimental vibrational frequencies
of rubrene crystals. [94] We optimized and calculated the vibrational frequencies
at B3LYP/6-311+G(d,p) level of ground singlet state rubrene in neutral, cationic
and anionic form and plotted the scaled vibrational frequencies by a factor of
0.967 [95] in Figure 3.3c. The relevant vibrational modes are color-coded, with
gradients of the same color representing the same normal modes. Table 3.2 sum-
marizes the experimental and calculated frequencies along with the corresponding
vibrational mode descriptions. The calculated vibrational frequencies of neutral
rubrene are in good agreement with the experimental values, with a maximum
deviation of 1.3% for the 1434 and 1541 cm−1 modes localized on the tetracene
core. Importantly, DFT calculations show that the mode at 1416 cm−1 in neutral
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rubrene shifts to 1362 cm−1 in the anion and 1467 cm−1 in the cation. Similar
frequency shifts are seen for the 1524 cm−1 mode between the charged and non-
charged rubrene species. These shifts are in agreement with our hypothesis that
the FSRS measurements report on a reduction in electron density in the tetracene
core during triplet separation.
Therefore, we conclude that the blue shift in frequencies during triplet sep-
aration in rubrene is accompanied by the removal of electron density from the
tetracene core. The electron density removed from the tetracene backbone might
go into the phenyls, or to another neighboring rubrene molecule, which may be
off-resonant with our Raman probing process. The present work does not provide
sufficient support for either of these pathways, as the phenyl ring vibrational mo-
tions as well as Raman features from off-resonant species are too low in amplitude
to be observed in these measurements.
Figure 3.4 depicts a schematic illustration of the structural dynamics occur-
ring during SF in rubrene. Upon photoexcitation, the system goes to 1(TT) state
within the 250 fs time resolution of our experiment. This state is associated with
a unique Raman peak at 1660 cm−1, and lives for 2.2 ps. The FSRS measure-
ments reveal unique structural changes on the 3–4 ps timescale associated with
rearrangement of electron density in the tetracene backbone, followed by forma-
tion of the triplet state in 9.9 ps. The large frequency shifts observed here prove
that the electron density is removed from the tetracene backbone prior to forma-
tion of the triplet state, indicating that structural derivatives of rubrene which
facilitate similar changes in electron density may lead to increased rates or yields
of triplet separation. Fortunately, synthetic methodologies for facile generation
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Figure 3.4: Potential energy surfaces participating in triplet generation and sep-
aration in rubrene during SF.
of fluorinated and isotopically-substituted rubrenes exist and will enable further
investigation into the mechanism of SF in organic materials. [88, 96–99]
3.5 Conclusions
In summary, we have used FSR microscopy to study the structural dynam-
ics associated with SF and triplet separation in crystalline rubrene. By using a
structurally-sensitive technique we are able to map out some of the nuclear coordi-
nates associated with the triplet separation process in SF. We observe significant
vibrational frequency blueshifts of two vibrational modes due to the structural
rearrangement occurring during separation of the correlated triplet pair. These
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results, along with ground state DFT calculations and spontaneous Raman mea-
surements of a rubrene derivative with highly electronegative phenyl rings, indi-
cate that a decrease in the electron density over the tetracene backbone in rubrene
is associated with triplet separation. This work provides insights into the struc-
tural changes that assist in the separation of the correlated triplet pair and is a
step towards understanding structural evolution during SF in organic crystalline
materials. Given that the loss of electron density is associated with separation of
the correlated pair, this opens up the possibility for designing rubrene derivatives
with appropriate substituents capable of undergoing efficient triplet separation,
thereby leading to more efficient photovoltaic devices. Fabricating new mate-
rials with molecular structures that could aid in efficient triplet separation and
transport should enable the widespread adoption of SF materials for efficient light
harvesting.
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Spectroscopy - Guided Screening




Chromophores undergoing singlet fission are promising candidates for harness-
ing solar energy as they can generate a pair of charge carriers by the absorption of
one photon. However, photovoltaic devices employing singlet fission is still lack-
ing as practical applications due to the limitations within the existing molecules
undergoing singlet fission. Chemical modifications to acenes can lead to efficient
singlet fission devices, but the influence of changes to molecular structure on the
rate of singlet fission is challenging to model and predict. Using femtosecond stim-
ulated Raman spectroscopy we have previously demonstrated that the triplet sep-
aration process during singlet fission in crystalline rubrene is associated with the
loss of electron density from its tetracene core. Based on this knowledge, we have
screened new rubrene derivatives with electron withdrawing substituents to prime
the molecules for efficient singlet fission, without impacting their crystal packing.
Our rationally screened crystalline chromophores exhibit significantly improved
singlet fission rates - an order of magnitude higher. This study demonstrates the
utility and strength of a structurally sensitive spectroscopic technique in providing
insights to spectroscopy-guided materials selection and design guidelines that go
beyond energy arguments to design new singlet fission-capable chromophores.
4.2 Introduction
Converting solar energy into electrical energy with photovoltaic devices is a
renewable and clean pathway to manage global energy need and environmental
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challenges. However, the theoretical efficiency of solar energy conversion to elec-
trical energy for a single p-n junction solar cell is limited to ∼ 34% as calculated by
Shockley and Queisser. [1] Although, this limit takes into account the energy losses
due to fill factor and charge recombination, the largest reason for this limit is due
to spectral losses. Currently, solar cell technologies are dominated by silicon. [100]
Photons that have an energy below the bandgap of silicon (and other light absorb-
ing materials) will not be absorbed by the photovoltaic device. When an incident
photon is higher in energy than the bandgap of silicon, only one electron-hole pair
is generated from the absorbed photon and the extra energy after the absorption
of the higher energy photon is lost as heat, known as thermalization. A strategy
to overcome these spectral losses is to manufacture semiconductors based on or-
ganic molecules that can better utilize the solar spectrum by increasing the charge
per photon ratio. One such process is singlet fission, where one photon is used
to generate two triplet excitons, leading to external quantum efficiency exceeding
100%. [6, 101]
Singlet fission (SF) is a multi-exciton generation process where a high energy
singlet exciton is converted into two low-lying triplet excitons, that are initially
coupled as an overall singlet state. Therefore, SF generates two charge carriers at
the expense of a single photon through a spin-allowed ultrafast process. SF is an
energetic down-conversion process that utilizes the shorter wavelength photons to
minimize thermalization losses, thereby expanding the spectral window for light
harvesting and generating multiple charge carriers. [6, 12] Customized organic
chromophores undergoing SF have the ability to push the boundary of photovoltaic
power conversion efficiency from 34% to 45% and thus has inspired new methods
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to fabricate photovoltaic devices. [2, 9] However, solar cells based on SF have yet
to deliver on this promise, with observed power conversion efficiency maximum
of only 5.1% due to energy loss mechanisms. [4] Therefore, we need strategic
material design models for advancing compounds capable of undergoing SF to
achieve efficiency much closer to the theoretically modelled limit.
The major obstacle in the development of SF devices is the scarcity of materials
capable of undergoing SF with near unit efficiency while also being solution proces-
sible, photochemically stable and possessing large extinction coefficients. [3, 102]
This lack of materials is partly due to the limited knowledge about the molecular
design principles to develop tunable SF-capable systems, resulting in slow and un-
productive trial-and-error approaches. Computational-guided design is challeng-
ing due to difficulty in modelling the complex multiexcitonic states with several
different crossing potential energy surfaces and spins. Also, the photophysics of
the SF process is not fully understood and much debated. The small number of
applicable SF chromophores, where multiple theoretical models could explain the
mechanism, limits our understanding. The only way to reach a consensus is by
examining a wider set of materials. Thus, the primary interest in this field has
been to understand the photophysical mechanism of SF with the aim of ratio-
nally designing materials to increase the commercial viability of SF. Examples of
rationally selecting materials, particularly congeners of molecules known for SF
properties, are exceptionally rare.
Ultrafast spectroscopic measurements have demonstrated that SF is a multi-
step process comprising of an excited singlet exciton S1 converting into a distinct
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intermediate of a neighboring pair of triplets coupled with an overall singlet char-
acter, called correlated triplet pair 1(T1T1), [13,25,62,103–105] undergoing subse-
quent loss of the electronic coherence to form 1(T1...T1) and finally spin relaxation
leading to two individual isolated triplets T1. [16,17,25,36,105–108] In order to be
fast on sub-100 fs timescale, SF needs to be isoergic or slightly exoergic, and this
requires the first excited singlet energy to be close to twice the energy of the lowest-
lying triplet state. In addition to the electronic energy criteria, the electronic
coupling between the neighboring molecules in the solid state must be considered.
In order to design materials undergoing efficient and rapid SF, crystal packing
needs to be optimized. Many experimental and theoretical studies have focused
on the connection between electronic and vibronic couplings with SF dynamics to
design systems for highly efficient SF process. [10, 11, 17, 26, 67, 103, 106, 109–111]
However, the relationship between SF efficiency and molecular structure is chal-
lenging to explore, and correlations between the molecular structural changes and
its effects on the SF rates and yields remain unclear. Thus, there is a need to
construct a comprehensive set of measurement-guided design protocols based on
the structural dynamic studies on known SF molecules to develop principles for
the synthesis or selection of new and more efficient SF systems.
To address the above-mentioned challenges about rational designing of mate-
rials guided by spectroscopic measurements, we couple prior vibrational spectro-
scopic knowledge and synthetic protocols to identify and screen potential candi-
dates for SF. Although transient absorption spectroscopy is the most popular tech-
nique to quantify and demonstrate singlet fission, obtaining direct structural in-
formation using this technique can be challenging. Vibrational spectroscopies are
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compelling probes because they can directly probe nuclear motions, thereby moni-
toring the structural changes in molecules undergoing singlet fission. We have pre-
viously investigated the structural evolution in crystalline rubrene, the tetraphenyl
tetracene derivative shown in Figure 4.1a, during SF with femtosecond stimulated
Raman spectroscopy (FSRS). Rubrene is one of the most studied organic semicon-
ductors because of its unique optoelectronic properties, such as high charge carrier
mobility and long exciton diffusion lengths, [75, 77, 112, 113] and the fact that it
undergoes efficient SF in its crystalline orthorhombic form. [24,71–73,76,114–116]
Early studies established that SF is the most prominent decay path of the excited
singlet excitons in crystalline rubrene, [71,75,76] where the correlated triplet pair
is formed within 20 fs and has a lifetime of 2 ps before separating into two indi-
vidual triplets. [24]
A large number of rubrene congeners have been crystallized, and even more
have been synthesized. Limiting a Chemical Abstract Search (SciFinder) to substi-
tuted 5,6,11,12-tetraphenyltetracenes (rubrene) revealed over 350 structures with
the 5,6,11,12-tetraaryltetracene core. [117] Limiting the candidates to those proven
by X-Ray crystallography to adopt conformations and solid-state packing simi-
lar to orthorhombic rubrene reduces the number of candidates by an order of
magnitude, but still provides a daunting number of candidates. One of us has
developed syntheses that allow for late-stage diversification of the rubrene struc-
ture; [96] new compounds of this class can be readily prepared by a variety of
methods. [118–121] Without predictive structural and mechanistic models how-
ever, selecting candidates to study SF from this library of rubrenes amounts to
‘guess-and-check’ work. The prospect of proposing the synthesis of new rubrenes
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for SF is similarly guesswork. Ideally, a model for the structural and electronic
changes involved in rubrene’s SF process would select optimal candidates from
the pool of known rubrene structures and aid in the design of new targets for
synthesis.
We previously conducted a study highlighting the changes in the molecular
structure of rubrene during the SF process. [48] FSRS is an ultrafast vibrational
spectroscopic technique that is used to investigate the structural dynamics in a
chemical reaction by monitoring the vibrational modes of the system with high
temporal and spectral resolution. [80–85] Our FSRS measurements indicated that
the separation of the correlated triplet pair into two individual triplets is accom-
panied with the loss of electron density from the tetracene core in crystalline
rubrene. [48] Building off on our crystalline rubrene FSR spectral analysis and in-
terpretation during SF, here we hypothesize that rubrene derivatives with reduced
amount of electron density in the tetracene core will facilitate the triplet separa-
tion process faster, which will be experimentally manifested as smaller extent of
structural reorganization in the FSR data of the derivatives.
Assessing this hypothesis requires a system in which the electron density over
the tetracene backbone in parent rubrene can be controlled, for example by in-
troducing substituents in the peripheral phenyl groups in rubrene moiety. For-
tunately, Douglas and co-workers have previously engineered and characterized a
series of rubrene derivatives with the electron withdrawing CF3 substituent. [88,96]
In this work we study two potential candidates for SF from the database of syn-
thesized rubrene derivatives by Douglas and co-workers: di-CF3 di-CH3 rubrene
(FM-rubrene) and di-CF3 rubrene (F-rubrene), where the functional groups are
62
on the para position of the phenyl rings as shown in Figure 4.1. [96] The presence
of electron withdrawing groups in the phenyl rings reduces the electron density
over the tetracene core in the rubrene derivatives, which is in accordance with the
criteria to test our proposition.
Comparing rubrene with the FM-rubrene and F-rubrene derivatives, the sub-
stitution has little impact on the crystal packing and the electronic energy of the
crystalline excited states. FM-rubrene and F-rubrene have comparable electronic
state energies to that of rubrene, indicating that SF should occur in both deriva-
tives. [122] Although these rubrene derivatives have not been previously investi-
gated for SF experimentally, thin films of these derivatives have been shown to
have longer exciton diffusion length as compared to rubrene, indicating enhanced
electronic coupling, a desirable property for optoelectronics and SF. [123] The
tetracene core in FM-rubrene and F-rubrene is planar and the π-stacking pack-
ing motif of rubrene is maintained in crystals of these derivatives, demonstrating
that there is little change in packing between the rubrene analogues. Computa-
tional studies on FM-rubrene and F-rubrene showed an increased wave function
overlap due to the noncovalent interactions provided by substituents, which leads
to large favorable electronic couplings of the excited states for SF. [122] Thus,
we selectively chose FM-rubrene and F-rubrene based on the energetics of their
orbitals and their similarity in the crystal packing with rubrene, which indicates
that SF should occur in both FM-rubrene and F-rubrene. We used crystals of
rubrene, FM-rubrene and F-rubrene rather than thin films due to the controlled
morphology available with crystal growth which is important to study singlet
fission. In this investigation, we aim to establish the practical applicability of
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spectroscopy-guided screening to identify and provide synthetic designing prin-




We grew crystalline rubrene via a physical vapor deposition (PVT) method.
[48] Briefly, we used 16 mg of rubrene powder, ≥ 98% purity from Sigma Aldrich
in the PVT furnace with Ar gas flowing at the rate of 100 ml/min. We heated the
source region in the furnace to 330◦C using a thermocouple for 35 minutes and
obtained 4-6 mm long needle-shaped orange colored rubrene crystals at a distance
of 5–8 cm away from the source region.
We obtained the raw material of FM-rubrene and F-rubrene powder from Mc-
Garry et al. [96] to grow their single crystals via slow solvent evaporation method.
We dissolved the raw powder in a minimum amount of CH2Cl2 and layered the
top of the solution with isopropanol in the ratio of 1:4 CH2Cl2:isopropanol and
left it standing at room temperature under nitrogen gas environment until crys-
tals had formed. We obtained 2–3 mm long and wide, plate-shaped, red-colored
FM-rubrene and F-rubrene crystals. We separately mounted each of the crystals
used in this work onto a 1 mm thick glass microscope slide and sealed them with
a glass coverslip and glue.
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4.3.2 UV-Vis spectroscopy
We obtained the absorption spectra of rubrene, FM-rubrene and F-rubrene
crystals using UV2600 UV-Vis spectrophotometer by Shimadzu in transmission
mode. We plot the normalized steady-state absorption spectra of crystalline
rubrene, FM-rubrene and F-rubrene along with the respective crystal image as
seen under the microscope for our FSRS studies in Figure B.1. The absorption
spectrum of a rubrene single crystal shows four absorbance maximum at 438, 464,
497 and 536 nm, FM-rubrene single crystal shows the absorbance maxima at 442,
468, 500 and 560 nm and F-rubrene crystal peaks at 466, 510, 531 and 557 nm.
The poor resolution of the peaks in F-rubrene crystal is due to the smaller crys-
tallite size. The estimated crystal thickness of rubrene is ∼ 1–2 µm, FM-rubrene
and F-rubrene are ∼ 30–40 µm.
4.3.3 Continuous wave Raman spectra
We obtained the spontaneous Raman spectra of rubrene, FM-rubrene and F-
rubrene crystals using a home-built Raman spectrometer. We sent a 785 nm laser
through an inverted Olympus IX 73 microscope and focused it onto the samples
through a 10x Olympus objective. The power of the laser at the sample was
90 mW and we collected the Raman signal in a transmission geometry using a
Princeton Instruments 2500i spectrograph and a Princeton Instruments PIXIS
100BX CCD array.
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4.3.4 Femtosecond stimulated Raman spectroscopy
We measured time-resolved FSRS experiments on our home-built optical setup,
described elsewhere. [47, 48, 79, 124, 125] Briefly, we used the fundamental output
of 4.6 W at 800 nm from a 1 kHz repetition rate Ti:Sapphire regenerative ampli-
fier (Coherent model Libra-F-1K-HE-110) to generate the Raman pump, Raman
probe and actinic pulses for the FSRS experiments. We used two different setups
to generate Raman pump pulses for the experiments presented in this chapter.
We used a custom grating filter to generate the Raman pump pulse by sending
480 mW of the fundamental output through the grating filter to generate a 2.1
ps Raman pump pulse for rubrene FSRS data. We also passed 450 mW of the
fundamental output through a custom etalon (TecOptics) to produce a 4 ps nar-
rowband Raman pump pulse centered at 807 nm for FM-rubrene and F-rubrene
FSRS studies. We then passed these pulses through an optical chopper synced
with the laser repetition rate to block every other Raman pump pulse.
We focused 2.5 mW of the 800 nm fundamental output through a 2 mm sap-
phire crystal to generate a white light continuum as the Raman probe. We passed
the continuum through an 830 nm long-pass filter to block the residual 800 nm
output. We then compressed the pulses with a fused silica prism pair to generate
the femtosecond broadband Raman probe. We set the path length of the Ra-
man pump pulse and Raman probe pulse to be the same and overlapped them
temporally for the FSR measurements.
We used a home-built non-collinear optical parametric amplification (NOPA)
system to generate the actinic pulse. We generated the white light seed contin-
uum in a 2 mm thick sapphire crystal and used a BBO crystal to generate the
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400 nm pulse by frequency doubling the 800 nm fundamental output. In our
NOPA set-up, we mixed the white light continuum and the doubled fundamental
pump pulse in a 1 mm BBO mixing crystal. We then passed the generated visible
pulse through a newly installed pulse shaper (Fastlite DazzlerTM) and an SF10
prism pair compressor for compression and dispersion compensation to generate
the actinic pulse. To collect time-resolved data, we used an actinic pulse with
a central wavelength of 536 nm and full-width half maximum of 14 nm for crys-
talline rubrene and a 533 nm actinic pulse with 10 nm full-width half maximum
for crystalline FM-rubrene and F-rubrene, shown in Figure B.2. We performed
the time-resolved experiments on different days with different alignments, which
resulted in slightly different actinic pulse central wavelength. We used a newly
installed pulse shaper (Fastlite DazzlerTM) and an SF10 prism pair compressor for
compression and dispersion compensation in the actinic pulse for the FM-rubrene
and F-rubrene FSR measurements.
We sent all the three pulses to the sample through an inverted Olympus IX
73 microscope and focused the Raman pump, Raman probe and actinic pump
pulse collinearly onto the sample using a 6 cm focal length lens and used a con-
denser (Olympus IX2-LWUCD, NA 0.55) to collimate the Raman probe pulse
to the detector. The laser beams are normal to the ab plane in rubrene and
FM-rubrene, and ac plane in F-rubrene crystals. We controlled the time delay
between the actinic pulse and the Raman probe pulse using a piezoelectric delay
stage (Thorlabs, DDS220). We measured the cross-correlation of the actinic pump
and Raman probe pulses to be 120 ± 2 fs with 533 nm actinic pump pulse for
FM-rubrene and F-rubrene studies and 250 ± 2 fs with 536 nm actinic pump pulse
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for rubrene FSR measurements by the optical Kerr effect with a 2 mm cuvette
of cyclohexane. The better cross-correlation for the FM-rubrene and F-rubrene
measurements is attributed to better compression of the actinic pulse by the newly
mounted pulse shaper (Dazzler), which was absent for the rubrene studies. For
all measurements, we used a 10 cm lens to focus the stimulated Raman signal
and the probe onto a 1/3 meter spectrograph and a Princeton Instruments PIXIS
100F CCD array to collect the Raman spectra with an acquisition rate of 1 kHz.
We used a customized LabVIEW program to obtain the femtosecond stimulated
Raman gain spectra by collecting the ratio of the Raman probe spectra with the
Raman pump on and the Raman pump off. Given the high signal to noise ratio
in our FSR data, we can resolve changes in frequency less than 2 cm−1 apart.
In this study, we use previously published results for crystalline rubrene [48]
and have broadened the set of chromophores examined here to provide new insights
for molecular structure designing guidelines to obtain more efficient SF systems
for their use in optoelectronics.
4.3.5 Computational calculations
We optimized the ground state geometries (S0) with flat conformation of
rubrene, FM-rubrene and F-rubrene in the gas-phase using density functional
theory (DFT) with B3LYP functional and 6-31g(d,p) basis set on Gaussian 16
(version C.01) program package. [96,126] We computed the harmonic vibrational
frequencies of the optimized geometries to confirm a minimum without any imag-
inary frequency had been reached. We performed the natural bond orbital (NBO)
analysis at B3LYP/6-31g(d,p) level using NBO 3.1 program implemented in the
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Gaussian 16 package to compare the charge distribution in ground singlet state
of rubrene, FM-rubrene and F-rubrene. We optimized the lowest-energy triplet
state geometries (T1) of all three molecules by DFT at the (U)B3LYP/6-31g(d,p)
level of theory in gas-phase single molecule.
4.4 Results & Discussions
To investigate the effect of reduced electron density in the tetracene backbone
of rubrene on SF dynamics while keeping the crystallographic parameters similar,
we rationally selected FM-rubrene and F-rubrene for this study. We present the
crystallographic parameters of rubrene, FM-rubrene and F-rubrene in Table 4.1
demonstrating that the three motifs pack quite similarly in crystals. [123] We
overlaid the dimers of rubrene and its analogues from the crystallographic data
in Figure 4.1a to show that there exists minimal change in the crystallographic
packing between all three of them, so any difference observed in SF dynamics
is only due to the changed electron density in the tetracene core. We plot the
steady-state absorption spectra of rubrene, FM-rubrene and F-rubrene in Figure
B.1, which depicts clear vibronic signatures in all the crystalline systems.
Table 4.1: Crystallographic parameters of rubrene, FM-rubrene and F-rubrene,
where a, b and c are the lattice parameters and d is the intermolecular spacing.
Lattice a (Å) b (Å) c (Å) d (Å)
rubrene orthorhombic 26.79 14.21 7.17 5.46
FM-rubrene orthorhombic 34.14 14.05 7.14 5.89
F-rubrene orthorhombic 31.18 14.21 7.12 5.73
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Figure 4.1: (a) Overlaid dimers from crystallographic data of rubrene, FM-rubrene
and F-rubrene demonstrating the similarity in crystallographic packing between
the three organic molecular crystals. (b) Molecular structure of rubrene, FM-
rubrene and F-rubrene along with the spontaneous Raman spectra in their crys-
talline form with a 785 nm p-polarized excitation. (c) Electrostatic potential
(ESP) plot in rubrene, FM-rubrene and F-rubrene from our DFT calculations.
Red depicts high electron density and blue depicts low density.
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We collected ground state spontaneous Raman spectra of crystalline rubrene,
FM-rubrene and F-rubrene with a 785 nm excitation to probe the effect of chemical
substitution on the vibrational modes and present it in Figure 4.1b. All three
moieties possess the same vibrational modes in the fingerprint region. We have
labeled select Raman modes in Figure 4.1b between 1300 – 1541 cm−1, which
correspond to C–C stretching and C–H wagging motions in the tetracene core of
all the three molecules, based on our DFT frequency calculations.
Since the structural rearrangement observed during SF in crystalline rubrene
was previously established to be associated with the loss of electron density in
the tetracene core, [48] we aimed to quantify the effect of the electron withdraw-
ing groups on the charge distribution in the tetracene core within the rubrene
derivatives. We performed natural bond orbital (NBO) analysis on the optimized
ground state singlet geometries of rubrene, FM-rubrene and F-rubrene. The nat-
ural charges from the NBO population analysis on the tetracene backbone in
rubrene, FM-rubrene and F-rubrene are 0 e−, 0.012 e− and 0.016 e− respectively.
These values indicate that the tetracene core in rubrene has the most electron
density followed by FM-rubrene and then F-rubrene. To visually inspect this
charge distribution over the rubrene series, we display the electrostatic potential
(ESP) maps in Figure 4.1c. The ESP plot shows the density of electrons within a
molecule on a surface that encompasses the molecule. Red depicts high electron
density and blue depicts low density. Based on the ESP plots, we observe that
the negative ESP is localized more on the tetracene backbone in rubrene, followed
by FM-rubrene and then F-rubrene. The ESP maps along with NBO analysis
demonstrates that the electron density over the tetracene backbone is reduced
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while going from rubrene to FM-rubrene and to F-rubrene.
Although the rubrene series have similar crystallographic packing and ground
state vibrational bands, the key difference between these three molecules is the
tetracene core electron density. This indicates the importance of studying excited
state dynamics where the transient spectral changes between the three can be
significant and those spectral differences can be attributed as the function of the
tetracene core electron density. Based on our aforementioned hypothesis and the
electron density distribution calculations, we here predict that F-rubrene should
undergo the least structural rearrangement and thus the fastest SF rate.
To test our prediction, we used time-resolved FSRS to examine the excited
state structural evolution during SF and triplet separation process in crystalline
rubrene and rubrene derivatives. We compare these newly measured derivatives
to the previously published experimental data of crystalline rubrene. [48] A raw
FSR spectrum contains contributions from both the ground state and excited
state features. Thus, to extract only the excited state information, we subtracted
the FSR spectra collected in the ground state without the actinic pulse from
the spectra collected at a given time delay after photoexcitation with the actinic
pulse. We present this one-to-one subtracted FSR data of crystalline rubrene,
FM-rubrene and F-rubrene in Figure B.3. We observe large bleach features of the
ground state modes in the excited state spectra due to the fact that there are
fewer molecules in the ground state after photoexcitation. These bleach features
in the excited state spectra required the addition of a scaled ground state spectra
to be able to extract features exclusive to the excited states. Therefore, we added
fraction of the ground state spectrum back to the excited state spectra until ground
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state bleach was no longer observed (kinetics shown in Figure B.4) for rubrene,
FM-rubrene and F-rubrene FSR data in Figure 4.2.
Figure 4.2: Femtosecond stimulated Raman spectra of crystalline (a) rubrene, (b)
FM-rubrene and (c) F-rubrene. Shaded regions highlight the transient Raman
spectral evolution after photoexcitation for the 1430 cm−1 mode. Inset shows the
zoomed in profile of the solid boxed region to aid the visualization of the small
frequency shifts.
We used a grating filter as the source to generate the Raman pump pulse for the
FSR data of rubrene in Figure 4.2a and an etalon as the source for the FSR data
of FM-rubrene and F-rubrene in Figure 4.2b and 4.2c, which lead to differences
in the linewidths between the measurements. As a control, we collected the FSR
data of crystalline FM-rubrene using the grating filter as the source to generate
Raman pump pulse (Figure B.5, B.6 and B.7) and we observe similar excited state
dynamics as we observe with the etalon. Therefore, we can confidently compare
the three data sets presented in Figure 4.2 to understand how the dynamics of
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SF and triplet separation process differ among the rubrene derivatives. While the
excited state dynamics in FM-rubrene are similar using grating filter and etalon-
derived Raman pump pulses, we continued using the etalon system to study the
excited state dynamics in F-rubrene because the etalon provides better spectral
resolution, necessary here to observe small changes in vibrational frequencies.
The traces at the bottom of the three data sets in Figure 4.2 correspond to the
ground state stimulated Raman spectrum of crystalline rubrene, FM-rubrene and
F-rubrene, each scaled by a factor of 1/5 for clear pictorial representation. In this
study we mainly focus on the broad features below 1200 cm−1 and the shaded
region vibrational peaks around 1430 cm−1 in all three crystals.
From Figure 4.2, we observe broad long-lived features below 1200 cm−1 region
in the FSR data of crystalline rubrene, FM-rubrene and F-rubrene. From our
previous FSR study on crystalline rubrene we assigned this broad feature to an
electronic signature of the separated triplets during the SF process by comparing
the dynamics of this broad feature with the transient absorption data in rubrene
(Figure B.8). [48] Interestingly, the FSR data of crystalline FM-rubrene and F-
rubrene in Figure 4.2b and 4.2c also display broad long-lived features below 1200
cm−1. We observe similar broad features in the transient absorption data for
crystalline FM-rubrene and F-rubrene in Figure B.8, which is indicative of excited
state absorption. Since rubrene does not undergo SF in solution, [71] as a control
we measured the transient absorption data of FM-rubrene in solution, presented
in Figure B.9. We do not witness these broad long-lived features in the transient
absorption data of FM-rubrene solution as seen in its crystalline counterpart. This
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implies that the origin of those broad long-lived features in FSR spectra of FM-
rubrene and F-rubrene are similar to the long-lived triplet states in crystalline
rubrene. Given that the energetics of the electronic states in FM-rubrene and
F-rubrene satisfy the energy criteria for SF [122] and the similarity of spectral
dynamics between rubrene and the derivatives, we believe that FM-rubrene and
F-rubrene undergo SF and form long-lived triplets. Therefore, we assigned these
broad long-lived spectral features to electronic transient absorption signatures
of the separated triplets generated through the SF process in FM-rubrene and
F-rubrene.
In addition to triplet features, we observe that the Raman mode shaded in
red for crystalline rubrene FSR data in Figure 4.2a undergoes a spectral evolution
with a time constant of 3.3 ± 0.2 ps. This mode appears at a frequency of 1430
cm−1 around time zero and then blueshifts to a frequency of 1462 cm−1 by 3 ps as
shown in Figure 4.3a. In ultrafast spectroscopy, a shift in vibrational mode implies
a structural rearrangement. [85,89,92,93] Since the time constant associated with
the frequency shift of the 1430 cm−1 mode is longer than the 2 ps correlated triplet
pair lifetime in crystalline rubrene, [24] we previously assigned this structural
evolution to dynamics during the triplet pair separation 1(T. . . T). [48]
The 1430 cm−1 mode in the ground state Raman spectrum of rubrene cor-
responds to C–C stretching and C–H wagging motions of the tetracene core in
rubrene. Since the 1430 cm−1 vibrational mode blueshifts after photoexcitation,
the shift in frequency we observe in the excited state spectra is associated with
the structural rearrangement of the tetracene core during the triplet separation
process in crystalline rubrene. We previously assigned this spectral evolution of
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Figure 4.3: (a) Transient Raman frequency evolution of the mode around 1430
cm−1 at time zero in crystalline rubrene, FM-rubrene and F-rubrene upon pho-
toexcitation. Error bars are contained within the markers. (b) The corresponding
total shift in the 1430 cm−1 Raman band position in the three molecules and
the associated rate constants as a function of the total charge on the tetracene
backbone from NBO population analysis.
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the 1430 cm−1 to higher frequencies to be accompanied by the loss of electron
density in the tetracene backbone during the correlated triplet pair separation
into two individual triplets in crystalline rubrene. [48] Therefore, we expect a
correlation between the structural rearrangement during the correlated triplet
pair separation and the frequency shift along the rubrene series: the smaller the
structural rearrangement, the smaller the frequency shift, and the less energy
lost during the whole fission process. Since FM-rubrene and F-rubrene have less
electron density in their tetracene core than rubrene, we expect to observe smaller
and faster frequency shifts in the vibrational mode in the derivatives compared to
rubrene, where F-rubrene is expected to be the fastest to separate the correlated
triplet pair into individual triplets.
Excitingly, we obtained similar behavior of the frequency evolution for the
1430 cm−1 vibrational mode in crystals of FM-rubrene and F-rubrene as observed
in crystalline rubrene, as shown in the FSR data in Figure 4.2b and 4.2c respec-
tively. To extract information on the transient evolution of the Raman vibration,
we fit the Raman mode around 1430 cm−1 at different time delays after photoex-
citation with a Gaussian spectral function. We notice that the intensity evolution
of the 1430 cm−1 mode is different within the three crystals and this difference in
intensity evolution of the 1430 cm−1 mode is due to differences in the resonance
conditions of the excited states in the three derivatives. We plot the dynamics
of this fitted peak frequency as a function of time for rubrene, FM-rubrene and
F-rubrene in Figure 4.3a. The experimental error bars for the frequency fits are
contained within the markers. We fit the spectral peak frequencies to a biexpo-
nential decay convoluted with the cross-correlation between the actinic pulse and
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the Raman probe to obtain the kinetics. We have propagated the error in the
instrument response function during the deconvolution process and obtained the
time constants (τ1) associated with the kinetic fits for rubrene, FM-rubrene and
F-rubrene as 3.3 ± 0.2 ps, 150 ± 20 fs and 120 ± 40 fs, respectively. The time
constants of the spectral evolution for FM-rubrene and F-rubrene approaches our
instrumental response function of 120 ± 2 fs in the experiments. A time constant
of tens of nanoseconds, corresponding to long-lived triplets, was held constant to
fit the transient spectral evolution of the feature around 1430 cm−1. Using the
time constants from the kinetic fits, we quantify that the 1430 cm−1 at time zero
displays a shift of ∼ 32 cm−1 by 3 ps in rubrene, ∼ 11 cm−1 by 150 fs in FM-
rubrene and ∼ 9 cm−1 in less than 120 fs in F-rubrene. Within error, the time
constants for FM-rubrene and F-rubrene are not significantly different. However,
we have measured multiple F-rubrene and FM-rubrene crystals, and in all cases,
we observe faster dynamics in F-rubrene compared to that in FM-rubrene. Thus,
the trend of frequency shift and the associated time constants is qualitatively
followed where F-rubrene displays a smaller frequency shift on a relatively faster
time scale than FM-rubrene.
The stimulated Raman signal obtained by employing a broadband Raman
pump and a narrowband Raman pulse offers a high spectral resolution of vibra-
tional features and information on the time dependent vibrational frequencies
integrated over the dephasing vibrational time. The signal observed in FSRS ex-
periments do not represent instantaneous vibrational frequencies present in the
sample only at the moment when the probe arrives, but the signal comprises of
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all the vibrational frequencies present in the sample over the course of the vibra-
tional dephasing time. [127, 128]. This means that the FSRS spectrum obtained
at a time point of 100 fs contains information on 100 fs + ∆T, where ∆T is the
vibrational dephasing time convoluted with the Raman pump pulse. The center
peak frequencies observed experimentally at the early time points in our FSRS
data in Figure 3.3a are not the instantaneous frequencies. However, the relative
shifts of the 1430 cm−1 mode in the fluorinated rubrene derivatives, while small,
are reproducible across samples and thus qualitatively holds true.
The frequency upshifts observed in Figure 4.3a are not intuitively correlated
with bond stiffening or weakening. However, based on our previous computa-
tional and experimental studies, we found out that the blue shift is associated
with the electron density change after photoexcitation during singlet fission. [48]
The amount of frequency shift observed experimentally is related to the extent
of structural rearrangement occurring within the molecules during the correlated
triplet separation process while undergoing SF. This structural rearrangement is
in turn associated with the loss of electron density over the tetracene core in the
rubrene series during the loss of electronic coherence of the correlated triplet pair.
Thus, to extract the relationship between the electron charge distribution in the
ground state of the rubrene series with spectral evolution, we plot the total ex-
perimentally observed shift in frequency of the Raman mode around 1430 cm−1
from our FSRS data and the rate (1/τ1) of this frequency shift as a function of
the NBO charges on the tetracene core in the rubrene derivatives in Figure 4.3b.
We observe an inverse relationship between the frequency shift and the tetracene
backbone being more positive along the rubrene series. We also found a direct
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correlation between the rate constant of the frequency shifts with the presence of
less electron density between the tetracene cores in rubrene, FM-rubrene and F-
rubrene. The rate constant of this frequency shift is proportional to the rate of SF
and thus, our results reveal that the FM-rubrene and F-rubrene exhibit SF rates
an order of magnitude higher than rubrene, with F-rubrene undergoing slightly
faster SF than FM-rubrene. This demonstrates a one-to-one correlation between
the charge distribution over tetracene core in the three molecules and the experi-
mentally observed structural rearrangement and rate of triplet pair separation via
SF.
To correlate the observed experimental structural reorganization with the
molecular structural properties in the rubrene derivatives, we draw attention to
our NBO calculations. From the NBO analysis, F-rubrene and FM-rubrene have
less electron density in their tetracene core compared to rubrene, and therefore,
the derivative structures are closer to their triplet state structures to begin with.
Since F-rubrene possess the minimum amount of electron density in its tetracene
core among the rubrene series, it displays the smallest frequency shift, and thereby
undergoes the least and fastest structural reorganization to form the individual
triplets because its ground state structure is pre-primed to that of the final triplet
structure. Hence, less energy is lost in restructuring the molecules in F-rubrene
while separating the correlated triplet pair, a favorable property for SF as this
reduces the thermalization loss. Therefore, we have successfully utilized our spec-
troscopic knowledge to predict and screen the molecular structure of the rubrene
derivatives such that they are pre-deposited to the product structure, which is the
triplet structure during SF in this scenario. Additionally, the observed correlation
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between the frequency shift and the tetracene core electron density suggests that
the electron density shifts away from the tetracene core into the phenyl groups
during the separation of correlated triplet pairs in rubrene and its derivatives.
This time-resolved study thus provides new insights regarding the directionality
of the electron density movements during SF within the rubrene derivatives series.
Figure 4.4 represents a schematic illustration of the structural changes in
rubrene, FM-rubrene and F-rubrene during the triplet pair separation process
via SF. We graphed the frontier molecular orbitals consisting the highest occu-
pied molecular orbital (HOMO) of the ground singlet state and singly occupied
molecular orbital (SOMO) of the triplet state in rubrene, FM-rubrene and F-
rubrene obtained from our DFT calculations in Figure 4.4. Analyzing the op-
timized geometries in the ground singlet and first triplet structures along the
rubrene derivatives supports our experimental results that FM-rubrene and F-
rubrene undergo less changes in their structures while going from singlet to triplet
geometry than rubrene. Also, comparing the molecular orbitals of the SOMO
of triplet and HOMO of ground singlet state confirms that the electron density
indeed shifts from the tetracene backbone into the edges of the peripheryl phenyl
groups during the triplet generation process, as depicted by the curved purple
arrows in Figure 4.4. Therefore, the time-resolved studies in partner with the
theoretical calculations together support that the electron density moves away
from the tetracene core into the side phenyl groups during the separation of the
correlated triplet pair in rubrene and its derivatives.
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Figure 4.4: Schematic diagram of the frontier molecular orbitals associated with
the SF process in rubrene, FM-rubrene and F-rubrene. The HOMO of the ground
singlet state is plotted on the left side and the lowest energy SOMO of the triplet
states on the right side for each of the molecular systems. The purple curved
arrows illustrate the loss of electron density from the tetracene core into the
peripheryl phenyl groups during the triplet separation process via SF. The time
constants are experimentally obtained from our FSRS data.
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In summary, we used the insights gained from FSRS studies about structural
changes during SF in crystalline rubrene to screen promising candidates for effi-
cient SF process. We compared the crystal structures and measured spontaneous
Raman spectra of rubrene, FM-rubrene and F-rubrene to show their similarities.
We then performed FSRS on crystalline rubrene, FM-rubrene and F-rubrene and
observed that after the systems absorb light, placing the wavepackets on the ex-
cited state Franck-Condon surface, all three chromophores relaxes displaying spec-
tral signatures of long-lived triplets generated via SF. We provide the first ever
experimental evidence for these rubrene derivatives to undergo efficient SF. Among
the three molecules, F-rubrene displays the fastest rate of SF, which is a favorable
property to generate excitons for further harvesting into photovoltaics. Hence, we
conclude that we have selected pre-primed molecular structures of rubrene deriva-
tives, guided by spectroscopic data, to undergo more efficient SF. Our results
not only define the structural changes within molecules during SF but bridges
the gap between spectroscopic results and translating these results to practical
application regarding efficient SF systems. This study expands upon our previ-
ous spectroscopic knowledge, proving that controlling the electron density in the
tetracene core synthetically leads to significant improvement in the SF rate. Mov-
ing forward, we plan to explore this spectroscopy-guided experimental control of
synthesis with other acene derivatives, particularly those containing electron with-
drawing functional groups on the peripheral aryl groups, provided the molecular
packing in the crystal remains the same. These studies will help achieve the end
goal of utilizing current spectroscopic knowledge to formulate and realize design
guidelines for new and efficient SF systems.
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4.5 Conclusions
In conclusion, we have successfully used FSRS to understand the effect of
chemical modification on SF and our results indicate that both our carefully cho-
sen rubrene derivatives, FM-rubrene and F-rubrene, undergo SF. We observe a
shift in the frequency of a vibrational mode during triplet separation process in
our time-resolved FSR data, which is associated with the loss of electron den-
sity from the tetracene backbone into the peripheryl phenyl groups in crystalline
rubrene and its derivatives. By intentionally reducing the electron density over
the tetracene core in the rubrene derivatives, we have now designed the system to
have a structure which is much closer to the final structure for efficient SF. Thus,
we observe less structural reorganization in rubrene derivatives and a faster rate
of SF in F-rubrene followed by FM-rubrene compared to parent rubrene. Less
structural reordering leads to lower energy losses, thereby reducing thermaliza-
tion loss mechanism for efficient SF. We have created a predictive model based
on spectroscopic techniques for the design and identification of rubrene deriva-
tives that show an order-of-magnitude increase in SF rates. Our work shows that
the long-held promise of spectroscopy-informed small molecule design for organic
optoelectronic materials can be realized in rubrene-based singlet fission systems.
This will inspire spectroscopic measurements-guided intelligent engineering and
syntheses of future materials within SF chromophores and other similar families.
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5.1 Overview
Femtosecond stimulated Raman spectroscopy (FSRS) is a useful technique for
uncovering chemical reaction dynamics by acquiring high resolution Raman spec-
tra with ultrafast time resolution. However, in FSRS it can be challenging to
discern Raman features from signals arising from transient absorption and other
four-wave mixing pathways. To overcome this difficulty, we combine the principles
of shifted excitation Raman difference spectroscopy (SERDS) with a simple fixed
frequency comb to perform dual frequency Raman pump FSRS. Through the ad-
dition of only two mirrors and a slit to the standard FSRS setup, this method
provides Raman spectra at two different excitation wavelengths that can be pro-
cessed by an automated algorithm to reconstruct the Raman spectrum. Here we
demonstrate the utility of dual frequency Raman pump FSRS to easily identify
Raman signatures by visual inspection for excited state and ground state spectra,
both on and off resonance. We show that previously assigned short-lived vibra-
tions of photoexcited β-carotene are actually not vibrational in nature. We also
use crystalline betaine-30 as a challenging test case for this method, as the FSRS
spectra contain a number of narrow transient vibronic and non-SRS features.
By reliably reducing interference from background signals, the interpretation is
substantially more quantitative and enables the future study of new systems, par-




Femtosecond stimulated Raman spectroscopy (FSRS) is an ultrafast vibra-
tional technique that measures the structural evolution of molecular systems
in their excited electronic states with high temporal and spectral resolution.
[80, 82–85, 89, 90, 92, 93, 129, 130] FSRS uses a short, femtosecond actinic pulse
to photoexcite the sample, followed by a narrowband picosecond Raman pump
pulse and a broadband femtosecond Raman probe pulse to generate the stimulated
Raman signal which monitors the evolution of vibrational modes. The spectral
resolution in FSRS is limited by the bandwidth of the narrowband Raman pump
pulse with respect to the dephasing time of the vibrational coherences in the sys-
tem under study. The effective time resolution of the experiment is limited by
the width of the Raman probe pulse and the actinic pulse. Over the years, FSRS
has emerged as a valuable tool to map out the excited state potential energy sur-
face of photophysical and photochemical phenomena in various systems such as
green fluorescent protein, [92] rhodopsin [89], bacteriorhodopsin [91] and many
more. [83]
While this technique has found considerable success in providing new physical
insights on the structural dynamics of ultrafast photochemical processes, there
are experimental challenges that must be overcome in order for it to reach its full
potential as a user-friendly analytical tool. A particular challenge for most ultra-
fast Raman techniques is distinguishing Raman signatures from other nonlinear
spectral features arising from transient absorption and other four-wave mixing
processes. [131, 132] When either the Raman pump or probe pulse is resonant or
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near resonant with an electronic transition, other processes can dominate the ap-
parent FSRS signal. [131] Additionally, distinguishing Raman features from other
processes can be complicated in situations in which the excited state lifetime is
very short, resulting in broad Raman features due to rapid dephasing, or in molec-
ular crystals, which can have narrowband transient vibronic features due to less
heterogeneous broadening.
There have been several previous approaches to background removal in FSRS.
Common approaches to FSRS data analysis include higher order polynomial fit-
ting [133–135] and fitting the spectra to a linear combination of spectral basis
sets to extract the narrow Raman features from the broad band signal, [136,137]
both of which require significant expertise in fitting and can be subjective. An-
other technique used in FSRS to reduce interference from undesired signals is
by collecting data with two Raman pump pulses that are very close in energy.
So far, two methods have been used to produce the Raman pump pulses at two
excitation frequencies: one which uses a spatial light modulator [138] and the
other which uses a customized chopper based wavelength modulator. [139] How-
ever, background correction is not always straightforward, particularly in cases
where multiple overlapping resonances are present which can make the baseline
difficult to assign. Another approach to obtain background free FSRS data is to
use a wavelength modulator in combination with spectral watermarking. [140] In
this approach, the experimental data is obtained by collecting the Raman sig-
nal at different wavelengths of the Raman pump pulse simultaneously using a
pulse shaper and a customized chopper. Although these methods are helpful in
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removing background from FSRS data, they add complexity to an already com-
plicated experimental setup, which has constrained their widespread adoption in
FSRS. The goal of this work is to present a new and effective method to distin-
guish transient Raman peaks from other nonlinear spectral features in FSRS using
a shifted excitation Raman difference spectroscopy (SERDS) inspired technique
with minimal complexity, and no moving parts.
SERDS can successfully remove the fluorescence background in spontaneous
Raman spectroscopy, [141–148] and has been effectively applied to FSRS through
the use of the two approaches described above. [138–140] SERDS is based on
the principle that Raman features are excitation frequency dependent, whereas
fluorescence spectra are independent of slight changes in excitation frequency.
Therefore, small changes in the excitation wavelength result in equivalent shifts
of the Raman peaks, while the fluorescence background remains unchanged. Var-
ious specialized light sources have been previously employed for SERDS, such as
the external cavity diode laser, [146,149] distributed Bragg reflector (DBR) diode
laser, [147] and a monolithic dual-wavelength diode laser at 785 nm. [148,150] By
subtracting Raman spectra obtained with two different, but close in frequency
(∼ 5 – 10 cm−1) excitation wavelengths, dispersive shaped Raman features are
obtained and all other spectral contributions such as fluorescence [146, 151] are
removed from the wavelength dependent Raman peaks. [150] A background free
Raman spectrum can then be recovered using curve fitting and integration algo-
rithms. [138,141,143,146,147,150,152–155] The choice of reconstruction method is
application dependent and can range from being relatively simple to complicated
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integration algorithms requiring user intervention to manually specify the lim-
its. [138,146,156] Therefore, a simple and straightforward technique is desired to
produce an excitation pulse at two wavelengths to distinguish the Raman features
from the background.
To more easily produce simultaneous yet spectrally different Raman pump
pulses for a SERDS-inspired approach to FSRS, we took inspiration from the
work of Kearns et al. who built a simple frequency comb generation setup for
vibrational sum frequency generation (VSFG) experiments. [152] To collect two
different VSFG spectra simultaneously, Kearns et al. used a pair of mirrors to
divide the Ti:Sapphire fundamental output into two visible beams in a grating
filter. [152] This simple addition of two mirrors in the grating filter produced
two visible pulses that were spectrally separated but spatially and temporally
overlapped resulting in two different VSFG signals for multiplex detection. Given
that a standard FSRS approach uses a grating filter to generate the picosecond
Raman pump pulse, we utilize a similar design here.
In this work, we present a new method to obtain background free FSRS data
by combining the principles of SERDS and the experimental approach of fre-
quency comb VSFG. We also benchmark a data analysis approach to remove the
background from the ground and excited state Raman spectra and differentiate
between Raman and non-Raman features in FSRS. We demonstrate the ease with
which we can collect and process background free ground-state and time-resolved
FSR spectra applying this method to cyclohexane, 3,3′-diethylthiatricarbocyanine
(DTTC) iodide and β-carotene. We also tested the applicability of our experimen-
tal design and data analysis to obtain FSR spectra with crystalline betaine-30, a
91
challenging test system for FSRS due to the existence of very narrow transient
vibronic features which can easily be mistaken for Raman signals. This experi-
mental approach can also be used widely for any kind of SERDS measurement,




We used HPLC grade cyclohexane (≥99.9% purity), HPLC grade methanol
and DTTC iodide from Sigma Aldrich as received. We used neat cyclohexane
and 1.42 x 10−5 M DTTC iodide in methanol in a 2 mm glass cuvette for ground
state stimulated Raman experiments. For transient measurements, we dissolved
β-carotene (Sigma Aldrich) in HPLC grade cyclohexane and flowed the solution
in a 0.5 mm path length flow cell. The optical density of this solution was 0.6 at
500 nm. We dissolved 50 mg of betaine-30 powder (Sigma Aldrich) in 1 mL of
HPLC grade methanol (Sigma Aldrich) to grow betaine-30 crystals through slow
solvent evaporation. We mounted the crystals onto a glass microscope slide with
a piece of double-sided tape for FSR experiments.
5.3.2 Femtosecond stimulated Raman spectroscopy
We performed time-resolved FSRS experiments on our home-built optical
setup, described elsewhere. [47, 48, 79] Briefly, we used 4.6 W of the fundamen-
tal output at 800 nm from a Coherent model Libra-F-1K-HE-110 femtosecond
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1kHz amplifier to generate the three pulse trains used for the FSRS studies. We
generated the actinic pulse using a home-built non-collinear optical parametric
amplification (NOPA). In our NOPA set-up, we mixed a white light continuum
and a doubled fundamental pump pulse in a BBO mixing crystal. For compression
and dispersion compensation, we used a pulse shaper (Fastlite DazzlerTM) and an
SF10 prism pair compressor. We generated the femtosecond broadband Raman
probe by focusing 2.5 mW of the 800 nm fundamental output through a 2 mm
sapphire crystal followed by compression with a fused silica prism pair.
To generate the dual frequency Raman pump, we passed 460 mW of the 800
nm fundamental output through our home-built grating filter to generate a 2.1
ps narrowband Raman pump. [82] In our grating filter, the fundamental diffracts
off a grating and is then focused onto a slit with a cylindrical lens which selects
a portion of the input bandwidth to be reflected back through the lens to the
diffraction grating. In order to generate two Raman pump pulses, we inserted a
1 mm thick rectangular silver mirror, shown in bold inside the red dotted box in
Figure 5.1a, after the focusing lens, which reflects the red portion of the dispersed
input bandwidth onto a second slit and mirror. We used the second slit to select
a portion of this spectral bandwidth to generate the second Raman pump pulse,
which is reflected back through the lens to the grating as shown in Figure 5.1a.
We collected the combined reflections from both mirrors after the grating with a
D-shaped pickoff mirror. The output beam consisted of two narrowband pulses
separated in wavelength by 1.6–3.0 nm. The two Raman pump pulses are over-
lapped in space and time at the sample. In order to correct for small differences
in the two pathlengths in the grating filter, we added 4.15 mm of glass into one
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arm to achieve perfect temporal overlap. We mounted the slits on translational
stages to adjust the frequencies required for the two Raman pump pulses. For
the data presented in this article, we set the two Raman pump pulse frequencies
at 803.1 ± 0.1 and 806.1 ± 0.1 nm for cyclohexane and crystalline betaine-30
FSR experiments and at 802.0 ± 0.1 and 803.6 ± 0.1 nm for DTTC iodide and
β-carotene FSR experiments.
An optical chopper synced with the laser repetition rate in the Raman pump
line allows for FSRS data collection with the Raman pump pulse on for every
other laser shot. Both Raman pump pulses have the same optical path length
and pass through the same chopper, which we modulated at 500 Hz. We focused
the Raman probe pulse, actinic pulse and Raman pump pulses collinearly onto
the sample using a 6 cm focal length lens. To collect time-resolved data, we
used an actinic pulse with a central wavelength of 500 nm and full-width half
maximum of 9 nm for β-carotene and a 535 nm actinic pulse with 10 nm full-
width half maximum for crystalline betaine-30. We used a motorized stage to
control the time delay between the actinic pulse and the Raman probe pulse. We
focused the stimulated Raman signal and the probe onto a 1/3 meter spectrograph
and a Princeton Instruments PIXIS 100F CCD array to collect the data with an
acquisition rate of 1 kHz. We wrote a Labview program to obtain the femtosecond
stimulated Raman gain spectra by collecting the ratio of the Raman probe spectra
with the Raman pump on and the Raman pump off.
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5.4 Results & Discussions
We show the modified set-up of our Raman pump pulse generation to obtain
pulses that are spectrally separated for an easy SERDS-inspired FSRS system
in Figure 5.1a. We generated the Raman pump pulses at two frequencies by
the addition of a mirror pair and a slit into our existing grating filter. We call
this method dual frequency Raman pump FSRS and its advantages over existing
methods are that it is easy to implement, and it produces Raman pump pulses at
two frequencies simultaneously. This allows us to switch between the two Raman
pump wavelengths without changing any other experimental parameters. Figure
5.1b illustrates the fundamental principle of SERDS, in which Raman features
are shifted by known frequencies relative to the two excitation wavelengths, and
non-Raman features overlap.
To demonstrate that dual frequency Raman pump FSRS can discriminate Ra-
man peaks from non-Raman peaks and background spectra, we first used this
setup to measure the ground state stimulated Raman spectra of cyclohexane. As
cyclohexane is a well-known Raman standard, we were able to verify if our tech-
nique could effectively isolate Raman peaks from the other signals. Our experi-
mental setup allows us to obtain Raman spectra with two excitation frequencies
in a single laser shot, as shown in the Raman spectrum of cyclohexane in Fig-
ure 5.2a. The Raman features in cyclohexane show up as double peaks when
we plot them with respect to one Raman pump excitation frequency. All other
non-Raman features do not show up as double peaks, making this an easy way to
isolate Raman features from the rest of the spectrum.
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Figure 5.1: (a) Diagram of the modified grating filter setup to generate Raman
pump pulses at two wavelengths. A mirror, indicated by the red dashed box, is
added to send half of the diffracted light to another mirror-slit pair to generate
the second Raman pump pulse. (b) Schematic explaining the principle of SERDS,
where the Raman signals shift in frequency upon a shift in the Raman pump
excitation wavelength, and the non-Raman signals remain unchanged.
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Figure 5.2: (a) Stimulated Raman spectrum of cyclohexane obtained at two Ra-
man excitation frequencies in a single laser shot. (b) Stimulated Raman spectra
of cyclohexane obtained at two different Raman pump energies, where the Raman
peaks are seen to undergo frequency shifts while the non-Raman peak positions
do not change. (c) Raman spectrum of cyclohexane after reconstruction using a
previously employed algorithm. [148,154,155] (d) Raman spectrum of cyclohexane
after reconstruction using the automated method developed here.
We converted the stimulated Raman spectra of cyclohexane taken separately
with the Raman pump pulses at 803.1 nm and 806.1 nm to a common scale
through z-normalization [146] so as to make their background spectra similar
in Figure 5.2b. Based on the 3 nm difference between the two Raman pump
frequencies, the Raman signals taken with the 806.1 nm Raman pump should be
upshifted by 46 cm−1 (∆) with respect to the Raman signals taken with the 803.1
nm Raman pump. Comparing the two spectra in Figure 5.2b, we observe that the
frequencies of the six Raman peaks of cyclohexane shift by the expected amount.
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We can also confirm that the two peaks observed in the 600–800 cm−1 region
are not Raman peaks as they are independent of the Raman pump wavelength.
These non-Raman peaks are likely signatures of cross-phase modulation between
the Raman pump and probe pulses. Figures 5.2a and 5.2b illustrate the strength
of the dual frequency Raman pump setup to distinguish Raman from non-Raman
features in an idealized test sample.
After identifying the Raman peaks from non-Raman peaks using the dual fre-
quency Raman pump setup, our next step involved obtaining a background free
Raman spectrum. In Figure 5.2c, we employed a previously used algorithm for
SERDS to reconstruct the Raman spectrum of cyclohexane. [148, 154, 155] This
reconstruction method has been used exclusively for SERDS with spontaneous
Raman spectra and works by computing the summation of two specific differ-
ence spectra as shown in the Appendix Table C.1. Although this reconstruction
method is able to identify the Raman peaks, it does not eliminate the background
completely, and still shows the two spectral features in the 600–800 cm−1 region.
We have also used other previously-reported reconstruction algorithms [157] with
little success (Table C.1), motivating us to seek another approach to reconstruct
a cleaner Raman spectrum. Clearly, the stimulated nature of FSRS and the
likelihood of spectral features arising from nonlinear processes like cross phase
modulation requires a new approach for SERDS data analysis in this application.
To this end, we have developed a reconstruction algorithm that automates
the process and identifies regions containing Raman peaks, for which codes are
freely available on GitHub. [158] The cyclohexane Raman spectrum regenerated
from our method not only retains all the Raman peaks, it also eliminates the
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non-Raman peaks and has a zero baseline as shown in Figure 5.2d. To obtain the
baseline free Raman spectrum of cyclohexane, we obtained a difference spectrum
by subtracting the two Raman spectra in Figure 5.2b, and wrote a program to fit
the difference spectrum with a pair of Gaussian functions shifted by ∆. We then
retrieved the fits and used them to plot the background free Raman spectrum of
cyclohexane in Figure 5.2d. We discuss the steps of our reconstruction method in
detail in the Appendix C.
To demonstrate the robustness of our experimental approach, we applied our
dual frequency Raman pump technique on DTTC iodide, which is resonant with
near-infrared excitation (Figure C.5) and exhibits dispersive lineshapes when near-
infrared Raman pulses are used for probing. [131, 159, 160] We show the ground
state stimulated Raman spectra of DTTC iodide in methanol obtained with the
two Raman pump pulses at 802.0 and 803.6 nm in Figure 5.3. We are clearly able
to distinguish Raman peaks from the broad background. For DTTC iodide, we
modified our reconstruction algorithm to use a pair of Fano lineshape [161] func-
tions shifted by ∆. Detailed reconstruction procedure is included in Appendix C.
We present the reconstructed spectrum of DTTC iodide in Figure 5.3 in blue. This
work demonstrates that our dual frequency Raman pump technique is not lim-
ited to specific resonance conditions and can be extended to various experimental
conditions depending upon the system under study.
We have also applied this experimental approach and automated data analy-
sis technique to time-resolved studies. The introduction of the actinic pulse can
give rise to more non-Raman signals, such as a strong transient absorption back-
ground, which can make it more challenging to resolve Raman features associated
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Figure 5.3: Stimulated Raman spectra of DTTC iodide obtained with the two
Raman pump excitation frequencies. Reconstructed spectrum from the automated
algorithm using dispersive lineshapes is shown in blue color. Peaks marked with
asterisks are methanol peaks.
with excited state dynamics. Thus, having a technique that can reliably help to
distinguish Raman features from non-Raman features is a big improvement. As
a test for our approach applied to time-resolved spectra, we carried out dual fre-
quency Raman pump FSRS on β-carotene due to its well-established time-resolved
excited state dynamics using FSRS. [5, 135] We collected the excited state FSR
spectra of β-carotene, which contains contributions from both the ground and
excited states of β-carotene at various time delays after photoexcitation. To ex-
tract excited state Raman features, we performed a one-to-one subtraction of the
ground state β-carotene spectrum from each excited state spectrum at different
time intervals. We show the raw time-resolved FSR spectra of β-carotene mea-
sured at Raman pump wavelength of 802.0 nm in Figure 5.4a.
After photoexcitation, we observe ground state bleaching for Raman modes
at 1157 and 1524 cm−1 due to decreased population of the S0 state along with
an excited state Raman signature of the S1 peak between 1780–1798 cm
−1 in
100
Figure 5.4: (a) FSR spectra of β-carotene at various time intervals after photoexci-
tation. (b) Reconstructed Raman spectra of β-carotene using our newly developed
automated reconstruction method. Asterisks indicate solvent peaks. (c) Excited
state Raman spectra obtained at 0 fs after photoexcitation with the two Raman
pump frequencies overlaid on one another. (d) Excited state Raman spectra at
a much later time point after photoexcitation obtained using two Raman pump
pulses.
Figure 5.4a. However, the sharp Raman features are on top of a broad oscillatory
background in the excited state data. Using our reconstruction algorithm, we
generated background free ground and excited state FSR spectra of β-carotene,
as shown in Figure 5.4b.
To provide visual inspection of the distinction between Raman features and
non-Raman features, we overlaid the Raman spectra obtained at 0 fs and 3.2 ps
after photoexcitation using the two Raman pump pulses at 802.0 and 803.6 nm
in Figure 5.4c and 5.4d. We clearly see a shift in frequencies of the ground state
bleach modes and the S1 peak between the different Raman pump frequencies,
while the broad background remains the same regardless of the pump frequency.
Previous FSRS studies on β-carotene assigned broad features following pho-
toexcitation to vibrational features on the short-lived second excited singlet state
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(S2) of β-carotene. [135] Due to the sub-100 fs lifetime of this state, the authors
opined that any vibrational coherence would not survive state hopping, and vi-
brational features would be broadened significantly, a very reasonable assumption
given the information available. However, the dual frequency Raman pump pulse
approach provides new insight into the early time dynamics of β-carotene. As
shown in Figure 5.4c, at early time delays we see broad features in the excited
state spectra, consistent with previous results. However, when we overlay the Ra-
man spectra obtained with two frequency shifted Raman pump pulses, we see that
these broad features do not show a Raman pump frequency dependent shift as
would be expected for a vibrational feature. This proves that the broad features
observed at early time delays in FSR spectra of β-carotene are not Raman peaks
on a short-lived state, but instead are likely electronic features from the S2 state.
To further test the broad applicability of this experimental technique, we then
applied our dual frequency Raman pump FSRS on crystalline betaine-30, a more
challenging sample due to its interesting polarization and orientation dependent
excited state dynamics and the narrowband excited state features observed in
its FSR spectra. [124] The crystal was oriented such that the long axis of the
crystal was approximately at an angle of 60◦ with respect to the probe polarization
(Figure C.8). We measured the time-resolved FSR spectra and performed a one-
to-one subtraction of the ground state betaine-30 spectrum from each excited
state spectrum at different time intervals. We show the excited state spectra
of betaine-30 measured at a Raman pump wavelength of 803.1 nm in Figure
C.9a. The presence of so many positive features of varying widths on a sloping
background makes it difficult to distinguish Raman features from the non-Raman
102
ones.
To identify the Raman features and remove the sloping background in the ex-
cited states, we obtained FSR data of crystalline betaine-30 with Raman pump
frequencies at 803.1 nm and 806.1 nm as shown in Figure 5.5. We overlaid each
pair of ground and excited state spectra obtained with two Raman pump excita-
tion frequencies to identify the Raman features by visual inspection. FSR spectra
obtained at various time delays after photoexcitation collected with the 803.1 nm
Raman pump are presented in gradients of purple and that with 806.1 nm are in
gradients of orange. The grid lines in Figure 5.5 are spaced by ∆ for visual aid to
identify the same Raman mode between the two spectra obtained with different
Raman pump excitation frequencies for a certain time delay after photoexcita-
tion. Comparing the dual frequency Raman pump data, we identified the Raman
features and highlighted a few of them with green dashed lines separated by ∆
in the one-to-one subtracted data at 240 fs after photoexcitation in Figure 5.5.
Similarly, comparing the FSR data collected with the two Raman pump excitation
frequencies for the 240 fs data in Figure 5.5, we observe that the peaks around
910 and 1020 cm−1 are not Raman features.
After identifying Raman features from the background, one can use their cus-
tomary fitting algorithms to reconstruct the excited state FSR data. Here, we
used the same algorithm presented in Figure 5.2c and our newly developed au-
tomated method to reconstruct the baseline free time-resolved Raman spectra of
betaine-30 in Figure C.9b and C.9c, respectively. The reconstructed spectra in
Figure C.9b and C.9c clearly have a less prominent background compared to the
raw data presented in Figure 5.5a. However, the reconstructed data from both
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Figure 5.5: FSR spectra of crystalline betaine-30 obtained with two Raman pump
excitation frequencies at various time intervals after photoexcitation. The grid
lines are separated by ∆ and is used for visual aid in identifying the same Raman
mode between the pair of spectra at each time delay. The dashed lines in green
color in the 240 fs time delay FSR spectra denotes the pair of same Raman mode.
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methods still have features that are not Raman signals, such as the broad feature
between 1000 – 1150 cm−1 marked with an asterisk as deduced from visual inspec-
tion of the dual frequency Raman pump data from Figure 5.5. We have discussed
the reconstruction of the crystalline betaine-30 time-resolved data more in-depth
in Appendix C.
There are limitations to our reconstruction algorithm in terms of excited state
FSRS data analysis where it still holds some subjectivity. Our reconstruction
method can be used with any lineshape simply by changing the lineshape function
in the algorithm, although just as in fitting, prior scientific knowledge about the
system is needed to choose the lineshape. We can infer what spectral features
might occur in ground state stimulated Raman spectra from spontaneous Raman
spectra. However, in the excited state, there is no ground truth and we can only
speculate on what vibrations should occur from ground state Raman spectra.
Therefore, what excited state Raman features can be determined are dependent
on the ability of our algorithm to extract it. Our algorithm has limitations in
discriminating excited state Raman peaks in time-resolved spectra but can be used
as a rough estimate for a background free excited state Raman spectrum. Our data
analysis method would probably work well with solutions as seen with β-carotene,
whereas crystals have challenging environments that give rise to maximal artefacts
as seen from crystalline betaine-30 data. For crystals and biological samples there
is likely no true one-button fitting algorithm for FSRS, as these samples can have
their own unique challenges due to the complexity of lineshapes, heterogeneity,
variations in dynamics, and electronic signals. Nonetheless, the dual frequency
Raman pump technique provides us a simple gateway to inspecting Raman peaks
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from a pool of non-Raman features.
Thus, we demonstrated that the SERDS-inspired dual frequency Raman pump
FSRS technique is a helpful tool in identifying Raman features from the back-
ground and non-Raman features. This experimental approach is economical, sim-
ple to implement and is compatible with all kinds of spectroscopies. This method
will aid in the analysis of FSRS as well as other complex Raman spectra and is
complementary to existing methods.
5.5 Conclusions
In summary, by adding a second arm to our grating filter we have devel-
oped this technique, which we call ‘dual frequency Raman pump FSRS’ to obtain
ground and excited state Raman data. We have also developed an automated
reconstruction method in order to distinguish Raman features from background
features in transient FSR spectra of β-carotene and crystalline-betaine-30. We
showed the strength of the dual frequency Raman pump method to differenti-
ate between Raman and non-Raman features in FSRS data, where transient ab-
sorption background signals can be overwhelmingly large. We proved that our
technique works well for ground state stimulated Raman in systems with various
spectral lineshapes and for excited state Raman in solvated systems. Although our
technique does not remove all scientific evaluation needed in interpreting FSRS
spectra, it serves as a valuable tool to help decipher complex FSRS data, widen-
ing the range of systems we can understand through FSRS. This work provides
insights into how a simple and economical approach is capable in removing un-
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Organic compounds with semiconducting properties are now moving towards
industrial application to fabricate wide ranges of electronic devices. The interest
toward these materials is mainly motivated by their mechanical properties, such
as flexibility, large-area integration and the possibility to tailor their electronic
properties by modifying their molecular structure. The focus of this thesis has
been on rubrene, a very promising molecule in the field of organic electronics due
to its outstanding charge transport properties and photoconductivity. However,
rubrene molecules are less soluble in common organics solvents and are known
to be strongly affected by oxidation leading to the formation of epoxide, which
hinders the transport and optical properties in its final application for semicon-
ductor devices. Chemically modified rubrenes can lead to improved solubility and
stability with unaltered crystal packing and semiconducting properties. Once a
derivative is designed and synthesized, a comparison between the arrangement of
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the new derivative molecules inside the crystal and the packing motif of the orig-
inal one is of primary importance to in order to obtain a material whose crystal
structure is as similar as possible to the desired one.
This chapter discusses the effort to identify and screen synthesized crystals
into different packing classes by compiling and comparing low-frequency Raman
spectra in rubrene and rubrene derivatives. It further discusses the excited state
dynamics in two rubrene derivatives using FSRS. For the realization of organic
semiconductors based devices, the library of organic semiconductors must be ex-
panded. In addition to rubrene derivatives, this chapter presents preliminary
studies on the effect of polymorphism to the excited state chemical dynamics in
the organic semiconductor, 1,3-diphenylisobenzofuran, which is known to undergo
singlet fission and thus has a potential to be employed in singlet fission based de-
vices.
6.2 Crystal Packing through Lattice phonon Ra-
man spectra
In recent years, organic crystalline molecules have been of great interest due
to their simple growth procedures and stability at room temperatures making
them good candidates for their applications in optoelectronics and photo-driven
processes. Organic molecules are employed in photovoltaics, organic transistors,
organic light emitting diodes, nonlinear optics and many other electronic applica-
tions. Apart from the need of high purity crystals for device fabrication, charge
carrier mobilities in the organic semiconductors rely on the interlayer electronic
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overlap, which in turn depends on the crystal packing. Therefore, the performance
of organic semiconductors-based devices is strongly dependent on the molecular
arrangement within the crystal lattice. As a result, slight modification in the crys-
tal structure can lead to different excitonic and transport properties of the charge
carriers. As an example, among all the crystal packing forms in rubrene, only
the orthorhombic rubrene has been used as an organic semiconductor in organic
field effect transistors, [113, 162–165] photovoltaic cells, [166] and light emitting
diodes [167–169] due to the presence herringbone packing motif which produces
large π-overlap between the interlayers leading to the favorable intermolecular in-
teractions needed for optoelectronics. It is thus necessary to identify optimal crys-
tal packing arrangement for efficient optoelectronics applications because specific
molecular packings give rise to efficient charge generation and transport proper-
ties.
X-ray diffraction (XRD) is a widely used technique to characterize the crys-
tal and molecular structure of a material. However, methods employing XRD
are time-consuming and often destructive. Additionally, XRD requires pristine
quality samples with optimum sample thickness, making it harder to analyze a
batch of synthesized samples together. In contrast, it is well known that Raman
spectroscopy is a non-destructive technique that can be used to identify molecu-
lar structure and conformation in situ, and can be complementary to XRD. The
low-frequency phonon modes are representative of intermolecular modes within
the crystal lattice. Therefore, phonon modes can be used as a probe to determine
the crystal structure due to their sensitivity to molecular packing in the crystal.
Identifying phonon modes with Raman spectroscopy can provide insights to the
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lattice dynamics and possess many advantages over the XRD screening. Acquir-
ing phonon modes using Raman spectroscopy does not need any special sample
preparation, and can be used to screen systems in all solid state forms such as
powder, thin films, or crystals. Additionally, the acquisition time can be as little
as 1 second to obtain the phonon modes for crystal characterization.
Studying lattice phonon modes using Raman spectroscopy is a powerful tech-
nique with the capability to characterize crystal structure. Previously, Raman
spectroscopy has been used to quantify the purity of crystals and identify various
crystalline phases in acenes, such as pentacene, by monitoring the lattice phonon
modes. [170, 171] Certain lattice vibrations can be representative of a particular
crystal packing system. Specific crystal structures can possess favorable overlaps
of the molecular orbitals which can lead to better performing optoelectronic prop-
erties. Therefore, examining a series of different crystal structures as a function of
molecular structure can help discern the vibrational signatures of different packing
arrangements. This will in turn allow for the quick screening and identification
of unknown derivatives belonging to the same crystal family using Raman spec-
troscopy. Compiling the vibrational modes which represents the fingerprint of the
individual crystal lattices and comparing the optoelectronic properties between
the different crystal structures of the chemically modified derivatives, will help to
formulate principles for easy screening of certain crystal packings that are opti-
mal and reproducible for high performing devices. Those derivatives with optimal
crystal packing can further be used to test their electronic properties such as
charge mobilities for device applications, and is beyond the scope of this thesis.
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Figure 6.1: (a) Molecular structure of rubrene, FM-rubrene, F-rubrene, M2F-
rubrene and F2M-rubrene. (b) Lattice phonon Raman spectra of rubrene deriva-
tives series. The dotted line marks the 124 cm−1 twisting mode of the phenyl
groups in the orthorhombic structured derivatives.
To this end, I have collected the low-frequency Raman active modes in a se-
ries of rubrene derivatives in their powder form: rubrene, FM-rubrene, F-rubrene,
M2F-rubrene and F2M-rubrene. The molecular structure of the series of com-
pounds is in Figure 6.1a and their associated low-frequency phonon modes is in
Figure 6.1b. All the rubrene derivatives have a planar backbone in their crys-
talline forms except for M2F-rubrene, where the tetracene backbone is twisted
by ∼20◦. [88, 96] Rubrene, FM-rubrene, F-rubrene and F2M-rubrene crystallizes
in an orthorhombic packing with Cmca, Pbcm, Pnma and Pbcm space groups
respectively, whereas M2F-rubrene packs up in a monoclinic (P21/c) structure.
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Comparing the phonon modes in Figure 6.1b, I observe that all the orthorhom-
bic crystal structured derivatives display a Raman mode at ∼124 cm−1, which
corresponds to the twisting motion of the peripheral phenyl rings from our theo-
retical calculations. Given that this Raman band is absent in the M2F-rubrene,
where the tetracene backbone is twisted and the molecules pack in monoclinic
structure, I hypothesize that the presence of the phenyl twisting motion at ∼124
cm−1 is an indication of a planar backbone and an orthorhombic packing in the
rubrene derivatives series, which is the desired crystal packing structure because
it is known to display efficient charge generation and transport properties due to
the presence of favorable π interactions between the layers in crystals. To confirm
this hypothesis, further studies involving more derivatives with and without planar
backbone and various crystal structure needs to be explored. A comprehensive
study can be performed with a series of other derivatized rubrene substituents
such as chlorinated-rubrenes and cyano-substituted rubrenes in the future. Al-
though this preliminary data needs further investigation, this study shows that
the phonon Raman spectroscopy indeed can be utilized to screen and identify
crystal structures in unknown molecules provided they belong to the similar class
of molecules as discussed here.
6.3 Excited State Dynamics in Polymorphs
Organic semiconductors have a potential to compete with silicon-based semi-
conductors, due to their advantage of flexibility, solution processible, widespread
availability and integration. A homogeneous phase is necessary for organic molecu-
les to express better performance as molecular electronics making it crucial to
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control the polymorphism during the crystal growth of these organic materials.
Polymorphism occurs when molecules in a crystal pack in two or more different
forms, and is quite common in organic molecular materials. The intermolecular
electronic overlap depends on the molecular arrangement in the crystal and is a
key factor in determining the charge carrier mobilities in organic semiconductors.
As a result, similar to the effect of different molecular structure, different poly-
morphs of organic semiconductors have different electrical and optical properties,
thereby influencing the device performance to different extent. The presence of
polymorphism can induce phase mixing, which can cause disorder and affect the
charge transport and mobilities in the organic semiconductors. Even small differ-
ences in crystal packing arrangements can lead to changes in the electronic band
structure, which can result in different charge transfer integrals in the system,
thereby affecting device performance. Therefore, it is necessary to identify and
select appropriate polymorphs and understand the role of crystal packing in the
charge carrier generation and transport properties.
Although in our previous studies in Chapter 3 and 4, I have used orthorhombic
polymorph of rubrene, crystalline rubrene is known to exist in three polymorphic
structures as discussed below and in Figure 6.2: [172–174]
1. Orthorhombic: the molecules are arranged in the herringbone packing struc-
ture which results in an efficient π stacking.
2. Triclinic: partial π stacking because molecular planes of adjacent molecules
are all parallel and laterally shifted with respect to each other.
3. Monoclinic: the adjacent molecules are normal to each other which results
in no π stacking.
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Figure 6.2: Crystal structures of the in orthorhombic, triclinic and monoclinic
forms of rubrene. Reproduced after permission from ref [174].
Among the three rubrene polymorphs, the orthorhombic polymorph has been
widely studied while very little attention has been given to the other two. This
is due to the presence of the efficient π overlap of the orbitals along the direc-
tion of the herringbone packing in the orthorhombic polymorph of rubrene, which
gives rise to extraordinary semiconducting properties. Crystalline rubrene in its
orthorhombic form is known to display long exciton lifetimes (ns-µs) which con-
tributes to their long diffusion length of ∼ 4 µm. [75, 77] Orthorhombic rubrene
possesses one of the highest charge carrier mobilities (∼ 40 cm2V−1s−1) among
organic semiconductors. [175–177] These properties are desirable as they enable
the formed excitons to travel longer distances in photovoltaic devices. Due to
these properties, orthorhombic rubrene has been used as an organic semiconduc-
tor in organic field effect transistors, [113, 162–165] photovoltaic cells, [166] and
light emitting diodes. [167–169]
The orthorhombic form of crystalline rubrene has been experimentally proven
to undergo efficient singlet fission and thus had been used in our FSRS studies,
previously discussed in Chapter 3. However, computational studies by Wang et
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al. investigated the excitonic properties in the three rubrene polymorphs and
suggested that the energy requirements for singlet fission are better satisfied by
the monoclinic form of rubrene than the triclinic and orthorhombic forms. [178]
To verify this theory, I aim to identify the rubrene polymorphs and then study
the rate of singlet fission in each polymorph using FSRS. This study will guide
a better understanding of the nature of intermolecular interactions needed to
produce efficient singlet fission.
During polymorphism, although the intramolecular vibrations in different crys-
tal phases are similar or identical, the intermolecular modes are different due to
the deformation in the crystal lattice. Therefore, lattice phonon vibrations can
be used to probe and identify structures related to different polymorphs. To
characterize rubrene polymorphs using Raman spectroscopy, I synthesized the or-
thorhombic form using physical vapor transport (PVT) method, and monoclinic
and triclinic forms of rubrene by a reprecipitation method with a solution mixture
of chloroform and methanol. [172] I have plotted the phonon modes in the three
polymorphs of crystalline rubrene in Figure 6.3.
I observe distinct lattice vibrations in the three polymorphs in accordance with
the literature. [179] These distinct phonon modes can be used to easily screen mul-
tiple crystals grown in a large batch of synthesis to identify their crystal packing
structure in a short interval of time compared to XRD. The next step would be
to use those screened crystals with different polymorphic packing and have them
subjected to FSRS experiments. Studying the excited state dynamics in different
polymorphs will provide insights about how differences in crystal packing can lead
to different dynamic processes and elucidate the role of phonon modes in driving
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Figure 6.3: The low-frequency Raman spectra of rubrene polymorphs: orthorhom-
bic, triclinic and monoclinic.
different photophysical processes.
6.4 Coherent Control of Excited State Dynam-
ics in Polymorphs
Charge transport and electronic delocalization in organic crystal are deter-
mined by the overlap of the molecular orbitals and are highly sensitive to molecu-
lar geometry. Therefore, the electronic properties of molecular crystals depend on
the interaction of the electronic and the nuclear dynamics in the molecule, termed
vibronic coupling. Vibrational motions influence the interactions between differ-
ent molecular electronic states via intra and intermolecular couplings. This makes
vibrational excitation a promising tool for tracking charge transfer processes in
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organic crystals for the development of electronic devices. Mode-selective chem-
istry deals with controlling specific structural changes or chemical reactions by
selectively directing energy into specific vibrational modes of a molecule. Being
able to control generation of charges and their transport by coherently driving
nuclear motions along a pre-selected reaction coordinate will open up numerous
avenues to improve performance of electronic devices.
1,3-Diphenylisobenzofuran (DPIB), Figure 6.4a, has a biradical character and
is known to have two polymorphs, α and β (Figure 6.4b), which shows completely
different triplet yields. [180–182] The α polymorph displays singlet fission with
near unity efficiency, [183,184] while β rapidly forms excimers after photoabsorp-
tion and exhibits low triplet yields. Both polymorphs retain the monoclinic crystal
form and differ slightly in their lattice parameters. The polymorphs are very sim-
ilar to each other, and only subtle differences in their structures give rise to the
different photophysics observed.
The two polymorphs, α and β, can be obtained from slow evaporation of
saturated solutions in various solvents under inert atmosphere. Crystals of the α
form can be synthesized by slow evaporation of an acetonitrile solution and the β
form can be obtained by slow evaporation of a dichloromethane solution. Figure
6.4c shows an optical image of the efflorescent yellow prisms of β form. I have
plotted the normalized absorbance spectra of the α and β forms in Figure 6.4d.
The lowest energy vibronic shoulder for the S1 absorption is ∼600 cm−1 red shifted
in the β polymorph compared to the α polymorph as marked in Figure 6.4d. Thus,
the β form is more stable and has a lower energy state than the α polymorph,
which allows for rapid excimer formation followed by their trapping. Due to this
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Figure 6.4: (a) Molecular structure of 1,3-diphenylisobenzofuran (DPIB). (b) Unit
cells of α and β crystalline forms of DPIB looking down the c axis. (c) Optical
image under microscope of β-form. (d) Absorption spectra for films of α and β
polymorphs of DPIB. The gray dashed line denotes the lowest energy transition
in β.
competing process, the singlet fission process is inhibited in the β polymorph,
whereas the α form undergoes singlet fission with ∼200% triplet yield.
The presence of the different photophysics resulting from polymorphs with
similar crystal structures and molecular packing calls for an interrogation into the
role of lattice vibrations in executing these diverse photophysical phenomena. To
probe whether the phonons modes are responsible for the different photophysics,
it is necessary to examine the excited state structural evolution of the two poly-
morphs. The hypothesis here is that any observation of quantum beats in the
FSRS data that can be assigned to the coupling of the high frequency vibra-
tions with low-frequency phonon modes, can then be used to control the different
photophysics observed in the two polymorphs.
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To test for the presence of quantum beats, I conducted FSRS experiments on
crystalline β-DPIB and present the excited-state data after its one-to-one sub-
traction from the ground state stimulated Raman in Figure 6.5a. I observe huge
depletions for all the ground state Raman peaks due to fewer molecules in the
ground state after photoexcitation. The trace at the bottom of the FSR data
sets in Figure 6.5a correspond to the ground state stimulated Raman spectrum of
crystalline β-DPIB scaled by a factor of 0.1 for clear pictorial representation.
Figure 6.5: (a) Time-resolved FSR spectra after one-to-one subtraction in the
β polymorph of DPIB. (b) Kinetics of the ground state bleach at 1460 cm−1 at
different time intervals after photoexcitation. Inset shows a zoom-in of the first
2 ps. The green and yellow boxes depict the period of the oscillations, ∼720
fs. (c) Phonon modes in β-polymorph of DPIB. The phonon mode at ∼40 cm−1
corresponds to the frequency of oscillation in the 1460 cm−1 amplitude in (b).
To understand the excited state dynamics, I fit the ground state bleach at
1460 cm−1 with a Gaussian function and plot the amplitude of the bleach in
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Figure 6.5b. The ground state bleach reached its maxima at ∼20% of ground state
amplitude and the depletion was not recovered by 200 ps. I do not observe any
transient spectral evolution that could provide us with any structural evolutionary
insights. This implies that the photoexcited species are very long lived and are
likely forming trapped excimers as suggested by previous studies.
Focusing on the early time dynamics within the first 2 ps in Figure 6.5b, I
observe that the peak amplitudes are modulating with a time interval of ∼720
fs. This time period corresponds to a frequency of 46 cm−1 in the frequency
domain. To ascertain the origin and resemblance of this peak frequency at 46
cm−1, I collected low-frequency Raman spectrum of β-DPIB and present it in
Figure 6.5c. The β-polymorph has a phonon mode around 40 cm−1 which matched
extremely well with our FSRS data. This excellent match in the Raman frequency
implies that phonon-modes are coupled to intramolecular vibrations. Having this
knowledge of the β-form, we can use this information to control the reaction
coordinate after photoexcitation. Conducting similar studies on the α-polymorph
can help us identify the vibrational modes that might drive the efficient singlet
fission process.
Acquiring this knowledge about the nuclear coordinates associated with the
excimer and triplet generation process will allow us to selectively excite the vi-
brational modes that facilitate the efficient charge transport phenomenon. This
control to “turn on” and “turn off” certain nuclear motions provide a handle to
modulate the chemical reaction pathway in accordance with the desired outcome.
Having a deeper understanding of the factors affecting the charge transport and
a way to tune the transport properties through a molecular crystal will guide us
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to improve electronic device performance.
6.5 Excited State Dynamics as a Function of
Molecular and Crystal Structure
I have previously studied the effect of chemical substitution on singlet fission
through a series of rubrene derivatives discussed in Chapter 4. The derivatives
studied in Chapter 4 were chosen such that they displayed the same crystal packing
structure as crystalline rubrene. From the derivatives studied in Chapter 4, we now
know that the presence of electron withdrawing groups helps to make the singlet
fission process an order of magnitude faster than that observed in rubrene. An
interesting future direction will be to study the excited state dynamics of rubrene
derivatives as a function of chemical substitution with simultaneous differences
in their crystal packing compared to rubrene to obtain insights into the effect of
selectively substituted molecules on the nature of the photophysical processes.
Figure 6.6: Molecular structure of (a) MM-rubrene and (b) M-rubrene.
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To understand the role of the planarity of the tetracene core in deciding the fate
of the excited state wavepacket, I have run some preliminary FSRS experiments on
two rubrene derivatives: MM-rubrene and M-rubrene, where the para position of
the periphery phenyl groups are substituted with -CH3 groups, as shown in Figure
6.6. The tetracene backbone is twisted in both the M- and MM-rubrene derivatives
in their solid crystalline form. [96] The MM-rubrene packs in a monoclinic (C2/c)
structure and M-rubrene in orthorhombic (Pna2(1)) structure. The π-stacking
is absent in both the derivative systems because the methyl groups at the para
position in the phenyl groups favors the interactions with the tetracene core over
the interlayer interactions between the other aryl groups. Therefore, these two
derivatives are model systems to understand the effect of a twisted backbone and
a different crystal structure on the dynamics after photoabsorption.
I used the same FSRS setup and experimental parameters mentioned in Chap-
ter 4 for the FSRS studies on MM-rubrene and M-rubrene crystals. I present the
one-to-one subtracted FSR data of MM-rubrene in Figure 6.6a and M-rubrene
in Figure 6.6c. I observe large bleach features of the ground state modes in the
excited state spectra due to the fact that there are fewer molecules in the ground
state after photoexcitation. The traces at the bottom of the FSR data sets in
Figure 6.7a and 6.7b correspond to the ground state stimulated Raman spectrum
of crystalline MM-rubrene and M-rubrene, each scaled by a factor of 0.1 for clear
pictorial representation.
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Figure 6.7: Time-resolved FSR data of (a) crystalline MM-rubrene and (c) M-
rubrene. Kinetics of percent amplitude decrease of the 1430 cm−1 ground state
mode in (b) MM-rubrene and 1535 cm−1 ground state mode in (d) M-rubrene.
The gray dashed spectrum in (b) and (d) is the instrument response function.
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To extract information on the transient evolution, I fit the ground state bleach
of the Raman modes around 1430 cm−1 and 1535 cm−1 at different time delays
after photoexcitation with a Gaussian spectral function and plot the dynamics of
this fitted peak frequency as a function of time for MM-rubrene and M-rubrene in
Figure 6.7b and 6.7d, respectively. The experimental error bars for the frequency
fits are contained within the markers. I fit the spectral peak frequencies to an
exponential rise and decay convolved with the cross-correlation between the actinic
pulse and the Raman probe to obtain the kinetics. Table 6.1 summarizes the time
constants associated with the kinetic fits.
Table 6.1: Time constants obtained from the exponential fits of the ground state
bleach kinetics in MM-rubrene and M-rubrene. All fits are exponentials convolved
with the 120 fs instrument cross-correlation.
Rise time (fs) Decay time (ps)
MM-rubrene 108 ± 33 2.8 ± 0.6
M-rubrene 110 ± 59 2.5 ± 0.5
The ground state depletion features rise effectively within the cross-correlation
time (120 fs) for both MM-rubrene and M-rubrene, and decay in approximately 3
picoseconds with the MM-rubrene ground state depletion feature possibly persist-
ing for slightly longer than the M-rubrene bleach. Here, the MM-rubrene ground
state bleach peaked at only ∼8% of the ground state amplitude within the first
108 fs and maintained 3% ground state depletion at 20 ps. The M-rubrene ground
state bleach peaked at ∼9% ground state amplitude within 110 fs and 2% persisted
out to 20 ps. An additional time constant of tens of nanoseconds, corresponding
to the exciton lifetime, was held constant to fit the amplitude dynamics of the
1430 and 1535 cm−1 features. This nanoseconds long-time component of the decay
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could be used to interpret the effective yield in the excited state photophysical
process.
Comparing the FSRS spectra of MM-rubrene and M-rubrene with that of
rubrene, FM-rubrene and F-rubrene from Chapter 4, I notice that the broad
background observed in the rubrene, FM-rubrene and F-rubrene FSR data due to
transient absorption from the excited electronic states is absent in MM-rubrene
and M-rubrene. The kinetics and lifetimes of the broad transient absorption fea-
tures in the planar tetracene core rubrene derivatives were indicative of triplet
states generated from singlet fission. However, the absence of the broad features
in the FSRS data in Figure 6.7a and c implies that MM-rubrene and M-rubrene
probably does not undergo singlet fission. There is a possibility of excimer for-
mation and their trapping, which can in turn suppress the energy decay though
the singlet fission process in the two derivatives. Apart from this, I do not ob-
serve any transient spectral shift in the two derivatives. This lack of excited state
structural dynamics could be either due to the mismatch between the relative
orientation of the transition dipole moment and the polarization of the Raman
pump and probe, or due to mismatch of the resonance conditions of the excitons
in the excited states.
The dynamics of photophysical processes are strongly anisotropic in crystalline
rubrene. Thus, it is reasonable to assume that MM-rubrene and M-rubrene are
also anisotropic, and hence future ultrafast studies must be conducted with dif-
ferent crystal orientations that might provide interesting spectral and structural
evolution in those derivatives. The preliminary results indicate the absence of
singlet fission in MM-rubrene and M-rubrene. Even though this is not completely
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surprising given that the tetracene backbone is twisted, it is a good proof-of-
concept to identify the need of the solid π-stacking for efficient singlet fission
process for its further application in optoelectronics.
6.6 Conclusions
In summary, I have explored the excited state structural evolution in organic
semiconductors of rubrene and its derivatives during singlet fission using FSRS. I
have provided a predictive model for the rational design of new class of molecules
for efficient singlet fission for device performance. Additionally, I made an ad-
vancement in the FSRS experimental setup so as to extract the interesting Raman
features from the other non-linear processes to simplify the data interpretation.
Finally, I have proposed multiple future directions that can be explored in terms
of different chemical materials and different kinds of photophysical processes using
FSRS.
In conclusion, the focus of this thesis is to understand singlet fission through
the lens of FSRS, a very promising ultrafast structurally sensitive technique in the
field of fundamental research due to its outstanding technical properties. I have
shown that FSRS is an extremely powerful technique to study ultrafast processes
and I believe that the successes presented in this thesis will advance the ultrafast
community to use FSRS extensively for studying ultrafast reaction dynamics in
the years to come.
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Chapter 3: Femtosecond Raman
Microscopy Reveals Structural
Dynamics Leading to Triplet
Separation in Rubrene Singlet
Fission
A.1 Low frequency Raman spectrum of rubrene
crystal
We show the low frequency spontaneous Raman spectrum of the rubrene crys-
tal used for FSRS in Figure A.1. The low frequency Raman modes depicted in the
figure correspond to the orthorhombic polymorph of crystalline rubrene. [185] We
use the low frequency Raman modes to determine the orientation of the crystal for
the spontaneous Raman measurements. Comparing the frequencies and relative
intensities of the phonon modes at 72, 104, 116 and 136 cm−1 with ref [185], we
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determine that the Raman excitation is normal to the ab face of the needle for
the spontaneous Raman measurements.
Figure A.1: Low frequency Raman spectrum of a rubrene crystal (inset) with
prominent peaks indicated by dashed lines. The scale bar is 0.4 mm in length.
A.2 Photoluminescence Spectrum
We measured PL spectrum of the needle shaped rubrene crystal to verify if the
crystal is pristine or not. We obtained the PL spectrum on the same continuous
wave Raman set-up as described previously and plot the same in Figure A.2.
We collected the PL spectrum in 6 separate detection windows causing a slight
overlap as visible in Figure A.2. The absence of the 650 nm peak in our PL spectra
indicates that we cannot detect any impurities. [72, 74]
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Figure A.2: PL spectrum of the needle shaped crystalline rubrene. Absence of
650 nm peak implies that the crystal is pristine.
A.3 Photoexcitation pump profile
The spectrum of the photoexcitation pump is shown in Figure A.3.
Figure A.3: Spectral profile of the photoexcitation pump.
A.4 Raw FSR data of crystalline rubrene
150
Figure A.4: Raw FSR spectra of crystalline rubrene at various time delays after
photoexcitation. The shaded region indicates the ground state depletion (brown)
and one of the excited state features (blue).
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We plot the FSR data of crystalline rubrene after one to one subtraction of
the excited state spectra from the ground state spectrum in Figure A.4. The
ground state Raman spectrum of rubrene has peaks at 1210, 1305 and 1434 cm−1
corresponding to C–C stretching motions in the tetracene backbone and C–H
wagging motions in rubrene molecule according to our DFT calculations, and are
depleted in amplitude following photoexcitation.
A.5 Kinetics of ground state addition
Figure A.5: Time resolved kinetics of the percentage of ground state added back
to the excited state spectra with corresponding exponential fit.
The large depletion of the ground state peaks in the excited state spectra de-
manded the addition of ground state spectrum to unambiguously examine the
excited state dynamics. We add the ground state back to the excited state dif-
ference spectra until no negative features of any of the ground state peaks are
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present. We show the spectra obtained after the addition of ground state to the
excited state spectra in Figure 3.2 of the main text. Figure A.5 shows the ki-
netics of the amount of ground state added back to the excited state spectrum,
which is in agreement with the rapid formation of the correlated triplet pair and
subsequent long-lived triplet states.
A.6 Transient absorption data of rubrene crys-
tal
Figure A.6: Transient absorption plot of rubrene crystal. The intensity of the
peak at 877 nm increases with time indicating it to be an excited state absorption
feature.
We plot the transient absorption spectra with the Raman pump off in Figure
A.6. The intensity of the 877 nm peak in the transient absorption increases as a
153
function of time indicating it to be an excited state absorption feature. This peak
in transient absorption corresponds to the 1117 cm−1 peak in FSRS from Figure
3.2.
A.7 Excited state vibrational linewidths
We fit the peaks around 1430 and 1542 cm−1 in Figure 3.2 from the main text
to a single Gaussian with a linear baseline. The linewidths of the fit as a function
of time is presented in Figure A.7. We see no trend in the linewidths and thus
this discards the possibility of vibrational cooling being the origin of the frequency
evolution.
Figure A.7: The linewidths obtained from the fit of the peaks around 1430 and
1542 cm−1 as a function of time.
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A.8 Raman pump power dependence
We conducted Raman pump power dependence where the photoexcitation
pump power in these experiments was 110 µW and the Raman pump power was
between 25 – 188 µW. The Raman gain of the peak around 1430 cm−1 at time
delay of 1070 fs as a function of Raman pump power is plotted in the figure below.
The linear fit below has a r2 value of 0.996 which shows that the excited state
peaks are in the linear regime with respect to the Raman pump power.
Figure A.8: Raman gain with linear fit of the peak around 1430 cm−1 at time
delay of 1070 fs.
A.9 Photoexcitation power dependence
We conducted a photoexcitation pump power dependence where the Raman
pump power was 110 µW and the power of the photoexcitation pump was between
13.5 – 270 µW. We plot the Raman gain of the peak around 1430 cm−1 at time
155
delay of 1070 fs as a function of photoexcitation pump power in the figure below.
The Raman gain shows a power dependence on the photoexcitation pump power,
which indicates the presence of exciton-exciton annihilation. The existence of
some exciton-exciton annihilation will affect the overall triplet yield, but does not
affect the observed structural dynamics that we see for the molecules that do reach
the triplet state.
Figure A.9: Raman gain with power law fit of the peak around 1430 cm−1 at time
delay of 1070 fs.
A.10 Raman spectra of three forms of rubrene
To probe the difference between powder and crystalline states on the finger-
print region vibrational frequencies, we measured the spontaneous Raman spec-
trum of rubrene single crystal, rubrene powder and rubrene solution in chloroform.
From the plot below, we do not see any shift in the frequencies of the high energy
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vibrational modes.
Figure A.10: Spontaneous Raman spectra of rubrene single crystal, rubrene pow-
der and rubrene solution in chloroform demonstrates that the mode frequencies
do not change in the fingerprint region.
A.11 FSR data of rubrene solution in chloro-
form
To verify that the features in the FSR data of crystalline rubrene arises from
singlet fission, we performed FSR studies on rubrene solution in chloroform, which
is known to not undergo singlet fission. [71] We plot the FSR data after one to
one subtraction of the excited state spectra from the ground state spectrum in
Figure A.11 and the transient absorption data in Figure A.12. From the FSR and
TA data below, we confirm that the interesting transient features visible in the
FSR data of the crystalline rubrene arises due to singlet fission process.
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Figure A.11: FSR data of rubrene solution in chloroform after one to one sub-
traction of the excited state spectra from the ground state spectrum.
158
Figure A.12: Transient absorption plot of rubrene solution in chloroform. The ab-
sence of 877 nm peak here confirms that the assignment of the crystalline rubrene
features in the main text to dynamics resulting from singlet fission are correct.
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A.12 DFT calculations
We performed DFT calculations for the geometry optimization and Raman
frequencies of neutral, anion and cation states of rubrene. Orthorhombic rubrene
crystallizes with a planar tetracene backbone. [96, 119] The scaled vibrational
frequencies obtained from the calculations are reported in Table 3.2 in the main
text. The converged energy values are listed in Table A.1 and the coordinates of
the optimized geometries are present in Tables A2–A4.
Table A.1: Calculated energies.




Table A.2: Optimized geometry of neutral rubrene.
Atom X Y Z
C 0 0 0.73673
C 1.246764 0.103583 1.427113
C 2.431637 0.378387 0.722315
C 3.687371 0.573499 1.396573
C 4.845707 0.790501 0.711274
C 1.413312 -0.26774 2.872973
C 1.609597 0.675259 3.887569
C 1.881834 0.271375 5.192337
C 1.973538 -1.084377 5.504531
C 1.78951 -2.033185 4.500959
C 1.51482 -1.626437 3.197005
H 3.706663 0.555988 2.476286
H 5.772252 0.9516 1.251011
H 1.541614 1.731119 3.653558
H 2.021997 1.017698 5.966467
H 2.189346 -1.397283 6.520023
H 1.866484 -3.090639 4.729875
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H 1.385537 -2.368107 2.416154
C -1.246764 -0.103583 1.427113
C -2.431637 -0.378387 0.722315
C -3.687371 -0.573499 1.396573
C -4.845707 -0.790501 0.711274
C -1.413312 0.26774 2.872973
C -1.609597 -0.675259 3.887569
C -1.881834 -0.271375 5.192337
C -1.973538 1.084377 5.504531
C -1.78951 2.033185 4.500959
C -1.51482 1.626437 3.197005
H -3.706663 -0.555988 2.476286
H -5.772252 -0.9516 1.251011
H -1.541614 -1.731119 3.653558
H -2.021997 -1.017698 5.966467
H -2.189346 1.397283 6.520023
H -1.866484 3.090639 4.729875
H -1.385537 2.368107 2.416154
C 0 0 -0.73673
C -1.246764 -0.103583 -1.427113
C -2.431637 -0.378387 -0.722315
C -3.687371 -0.573499 -1.396573
C -4.845707 -0.790501 -0.711274
C -1.413312 0.26774 -2.872973
C -1.609597 -0.675259 -3.887569
C -1.881834 -0.271375 -5.192337
C -1.973538 1.084377 -5.504531
C -1.78951 2.033185 -4.500959
C -1.51482 1.626437 -3.197005
H -3.706663 -0.555988 -2.476286
H -5.772252 -0.9516 -1.251011
H -1.541614 -1.731119 -3.653558
H -2.021997 -1.017698 -5.966467
H -2.189346 1.397283 -6.520023
H -1.866484 3.090639 -4.729875
H -1.385537 2.368107 -2.416154
C 1.246764 0.103583 -1.427113
C 2.431637 0.378387 -0.722315
C 3.687371 0.573499 -1.396573
161
C 4.845707 0.790501 -0.711274
C 1.413312 -0.26774 -2.872973
C 1.609597 0.675259 -3.887569
C 1.881834 0.271375 -5.192337
C 1.973538 -1.084377 -5.504531
C 1.78951 -2.033185 -4.500959
C 1.51482 -1.626437 -3.197005
H 3.706663 0.555988 -2.476286
H 5.772252 0.9516 -1.251011
H 1.541614 1.731119 -3.653558
H 2.021997 1.017698 -5.966467
H 2.189346 -1.397283 -6.520023
H 1.866484 -3.090639 -4.729875
H 1.385537 -2.368107 -2.416154
Table A.3: Optimized geometry of rubrene anion.
Atom X Y Z
C 0 0 0.737126
C 1.247514 0.094931 1.42089
C 2.450071 0.408771 0.721439
C 3.690272 0.631481 1.3874
C 4.86427 0.873315 0.70315
C 1.400257 -0.347852 2.844269
C 1.69172 0.521559 3.904526
C 1.927381 0.040781 5.190886
C 1.882566 -1.328282 5.450605
C 1.597194 -2.209349 4.407985
C 1.361399 -1.722399 3.124372
H 3.714825 0.605833 2.467962
H 5.78391 1.048369 1.252885
H 1.719282 1.588674 3.716679
H 2.138937 0.738973 5.994563
H 2.065867 -1.703102 6.452404
H 1.563592 -3.278752 4.59284
H 1.148189 -2.411615 2.314509
C -1.247514 -0.094931 1.42089
C -2.450071 -0.408771 0.721439
C -3.690272 -0.631481 1.3874
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C -4.86427 -0.873315 0.70315
C -1.400257 0.347852 2.844269
C -1.69172 -0.521559 3.904526
C -1.927381 -0.040781 5.190886
C -1.882566 1.328282 5.450605
C -1.597194 2.209349 4.407985
C -1.361399 1.722399 3.124372
H -3.714825 -0.605833 2.467962
H -5.78391 -1.048369 1.252885
H -1.719282 -1.588674 3.716679
H -2.138937 -0.738973 5.994563
H -2.065867 1.703102 6.452404
H -1.563592 3.278752 4.59284
H -1.148189 2.411615 2.314509
C 0 0 -0.737126
C -1.247514 -0.094931 -1.42089
C -2.450071 -0.408771 -0.721439
C -3.690272 -0.631481 -1.3874
C -4.86427 -0.873315 -0.70315
C -1.400257 0.347852 -2.844269
C -1.69172 -0.521559 -3.904526
C -1.927381 -0.040781 -5.190886
C -1.882566 1.328282 -5.450605
C -1.597194 2.209349 -4.407985
C -1.361399 1.722399 -3.124372
H -3.714825 -0.605833 -2.467962
H -5.78391 -1.048369 -1.252885
H -1.719282 -1.588674 -3.716679
H -2.138937 -0.738973 -5.994563
H -2.065867 1.703102 -6.452404
H -1.563592 3.278752 -4.59284
H -1.148189 2.411615 -2.314509
C 1.247514 0.094931 -1.42089
C 2.450071 0.408771 -0.721439
C 3.690272 0.631481 -1.3874
C 4.86427 0.873315 -0.70315
C 1.400257 -0.347852 -2.844269
C 1.69172 0.521559 -3.904526
C 1.927381 0.040781 -5.190886
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C 1.882566 -1.328282 -5.450605
C 1.597194 -2.209349 -4.407985
C 1.361399 -1.722399 -3.124372
H 3.714825 0.605833 -2.467962
H 5.78391 1.048369 -1.252885
H 1.719282 1.588674 -3.716679
H 2.138937 0.738973 -5.994563
H 2.065867 -1.703102 -6.452404
H 1.563592 -3.278752 -4.59284
H 1.148189 -2.411615 -2.314509
Table A.4: Optimized geometry of rubrene cation.
Atom X Y Z
C 0 0 0.735228
C 1.241161 0.084971 1.430868
C 2.437196 0.386799 0.718565
C 3.670829 0.598740 1.394359
C 4.832238 0.858891 0.703752
C 1.395687 -0.326314 2.86059
C 1.683841 0.574594 3.892371
C 1.928650 0.111725 5.181906
C 1.913491 -1.256017 5.454083
C 1.642185 -2.160079 4.42996
C 1.380541 -1.699099 3.141884
H 3.695755 0.557730 2.472865
H 5.752641 1.039110 1.246306
H 1.696388 1.639267 3.691015
H 2.133924 0.821111 5.975148
H 2.114966 -1.613163 6.457179
H 1.637712 -3.225482 4.62968
H 1.180507 -2.40892 2.346739
C -1.241161 -0.084971 1.430868
C -2.437196 -0.386799 0.718565
C -3.670829 -0.59874 1.394359
C -4.832238 -0.858891 0.703752
C -1.395687 0.326314 2.86059
C -1.683841 -0.574594 3.892371
C -1.92865 -0.111725 5.181906
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C -1.913491 1.256017 5.454083
C -1.642185 2.160079 4.42996
C -1.380541 1.699099 3.141884
H -3.695755 -0.55773 2.472865
H -5.752641 -1.03911 1.246306
H -1.696388 -1.639267 3.691015
H -2.133924 -0.821111 5.975148
H -2.114966 1.613163 6.457179
H -1.637712 3.225482 4.62968
H -1.180507 2.408920 2.346739
C 0.000000 0.000000 -0.735228
C -1.241161 -0.084971 -1.430868
C -2.437196 -0.386799 -0.718565
C -3.670829 -0.59874 -1.394359
C -4.832238 -0.858891 -0.703752
C -1.395687 0.326314 -2.86059
C -1.683841 -0.574594 -3.892371
C -1.92865 -0.111725 -5.181906
C -1.913491 1.256017 -5.454083
C -1.642185 2.160079 -4.42996
C -1.380541 1.699099 -3.141884
H -3.695755 -0.55773 -2.472865
H -5.752641 -1.03911 -1.246306
H -1.696388 -1.639267 -3.691015
H -2.133924 -0.821111 -5.975148
H -2.114966 1.613163 -6.457179
H -1.637712 3.225482 -4.62968
H -1.180507 2.408920 -2.346739
C 1.241161 0.084971 -1.430868
C 2.437196 0.386799 -0.718565
C 3.670829 0.598740 -1.394359
C 4.832238 0.858891 -0.703752
C 1.395687 -0.326314 -2.86059
C 1.683841 0.574594 -3.892371
C 1.928650 0.111725 -5.181906
C 1.913491 -1.256017 -5.454083
C 1.642185 -2.160079 -4.42996
C 1.380541 -1.699099 -3.141884
H 3.695755 0.557730 -2.472865
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H 5.752641 1.039110 -1.246306
H 1.696388 1.639267 -3.691015
H 2.133924 0.821111 -5.975148
H 2.114966 -1.613163 -6.457179
H 1.637712 -3.225482 -4.62968






- Guided Screening Leads to
Efficient Singlet Fission in
Rubrene Derivatives
B.1 Absorption Spectral Profile
We obtained the absorption spectra of rubrene, FM-rubrene and F-rubrene
crystals using UV2600 UV-Vis spectrophotometer by Shimadzu in transmission
mode. We plot the normalized steady-state absorption spectra of crystalline
rubrene, FM-rubrene and F-rubrene along with the respective crystal image as
seen under the microscope for our FSRS studies in Figure B.1. The absorption
spectrum of a rubrene single crystal shows four absorbance maximum at 438, 464,
497 and 536 nm, FM-rubrene single crystal shows the absorbance maxima at 442,
468, 500 and 560 nm and F-rubrene crystal peaks at 466, 510, 531 and 557 nm.
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The poor resolution of the peaks in F-rubrene crystal is due to the smaller crys-
tallite size. The estimated crystal thickness of rubrene is ∼ 1–2 µm, FM-rubrene
and F-rubrene are ∼ 30–40 µm.
Figure B.1: Molecular structure and the respective crystals of rubrene, FM-
rubrene and F-rubrene along with their absorption spectrum. Scale bar is 0.2
mm.
B.2 Actinic pulse profile
We tuned the actinic pump pulse to have a central frequency of 536 nm to
collect FSR data for rubrene and 533 nm for FM-rubrene and F-rubrene crystals
and plot the spectral profile in Figure B.2.
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Figure B.2: Spectral profile of the actinic pump pulses used to carry out the FSR
experiments. We used the 533 nm as the central frequency of the actinic pump
pulse with a FWHM of 10 nm to collect time-resolved data in FM-rubrene and
F-rubrene crystals, and 536 nm with a FWHM of 14 nm for crystalline rubrene.
B.3 Raw FSR data of crystalline rubrene, FM-
rubrene and F-rubrene
We plot the FSR data after one-to-one subtraction of excited state spectra from
the ground state spectrum of crystalline rubrene, FM-rubrene and F-rubrene in
Figure B.3. We used a grating filter to generate the Raman pump pulse for the
FSR experiments in crystalline rubrene [48] and an etalon to generate the Raman
pump pulse for FM-rubrene and F-rubrene FSR experiments. The ground state
Raman spectra of rubrene, FM-rubrene and F-rubrene has peaks at 1204, 1304,
1430 and 1541 cm−1. After photoexcitation, we observe ground state bleaching
features for all the Raman modes due to decreased population of the ground singlet
state, S0.
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Figure B.3: Raw FSR data of crystalline (a) rubrene (b) FM-rubrene and (c) F-
rubrene at various time delays after photoexcitation. The dashed lines represent
the ground state Raman modes in the three molecules.
B.4 Kinetics of ground state addition
The large depletion of the ground state peaks in the excited state spectra after
photoexcitation necessitated the addition of ground state spectra to examine the
dynamics in the excited states. We added a fraction of ground state back into
the excited state spectra until no bleaching features were present. We present the
spectra obtained after adding back the ground state to the excited state spectra
for the three rubrene analogues in Figure 4.2 of the main text. We plot the kinetics
of the percentage of the ground state added back to excited state spectra in Figure
B.4 which is the same as the kinetics of the ground state depletion.
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Figure B.4: Time resolved kinetics of percentage of ground state spectra added to
excited state spectra at different time delays with corresponding exponential fits
for rubrene, FM-rubrene and F-rubrene FSR data.
171
B.5 FSR data of crystalline FM-rubrene with a
grating filter
Figure B.5: (a) Raw FSR data of FM-rubrene collected with Raman pump pulses
generated with a grating filter as the Raman pump source. (b) Corresponding
FSR data after adding back fraction of ground state spectrum to the excited
state spectra to remove any ground state bleaching features. The shaded region
indicates the excited state Raman feature (blue).
We used a grating filter setup to collect the FSR data of rubrene and an etalon
for the FSR data of FM-rubrene and F-rubrene presented in Figure 4.2 of main
text. To validate that the dynamics after photoexcitation remains unchanged
irrespective of the Raman pump generation method, we obtained time-resolved
FSR data of FM-rubrene using a grating filter. We present the raw FSR data of
FM-rubrene using the grating filter in Figure B.5a and the FSR spectra obtained
after adding partial ground state spectra to the excited state spectra in Figure
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B.5b. We present the kinetics of the amount of ground state spectra added back
to excited state spectra which is nothing but the dynamics of the ground state
depletion in Figure B.6. As a proof, the dynamics remain unchanged between
using a grating filter and an etalon to generate the Raman pump pulses.
Figure B.6: Time resolved kinetics of percentage of ground state spectra added to
excited state spectra at different time delays with exponential fit for FM-rubrene
(blue) FSR data collected with Raman pump generated using a grating filter.
To further confirm that the spectral evolution of the 1430 cm−1 mode remains
unchanged between using an etalon and a grating filter to generate Raman pump
pulses, we plot the dynamics of the Raman frequency shift of the 1430 cm−1
mode from Figure B.5b with its corresponding exponential fit in Figure B.7. The
exponential fit gives a time constant of 140 ± 30 fs for the frequency shift of the
1430 cm−1 mode here using the grating filter, which is in agreement with the time
constant of 150 ± 20 fs obtained with an etalon in the main text.
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Figure B.7: Transient evolution of the Raman mode around 1430 cm−1 in FM-
rubrene using a grating filter as the Raman pump pulse generation source.
B.6 Transient absorption in crystalline rubrene,
FM-rubrene and F-rubrene
We plot the transient absorption (TA) spectra, which is in the presence of only
the actinic pulse and Raman probe pulse, of rubrene, FM-rubrene and F-rubrene
in Figure B.8. We observe strong intense positive features below 900 nm in all
three molecules, which is indicative of excited state absorption. These features are
very long-lived, on the order of the lifetimes of triplet states. The broad features
below 1200 cm−1 in our FSRS data match those intense features here from the
transient absorption by the excited state species.
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Figure B.8: Transient absorption data in crystalline (a) rubrene (b) FM-rubrene
and (c) F-rubrene. The intense positive peaks below 900 nm indicate the presence
of excited state absorption features.
B.7 Transient absorption of FM-rubrene solu-
tion in chloroform
In order to verify the assignment of the TA features observed in crystalline
FM-rubrene, we collected the TA data of solution FM-rubrene. We plot the TA
spectra of FM-rubrene in chloroform and crystal form in Figure B.9a and B.9b
respectively. Comparing the TA of FM-rubrene in solution and crystal, we notice
that the strong long-lived peaks at around 875 nm and 892 nm in crystal are
absent in the solution data. This confirms that the strong positive peaks present
in the TA data of crystalline FM-rubrene is due to absorption by the excited states
which are not accessible in solution FM-rubrene, and the peaks correspond to the
long-lived triplet states formed through singlet fission. The absence of positive
features in solution TA data and the long lifetime of the intense positive features
in crystalline FM-rubrene is a strong evidence for FM-rubrene to undergo singlet
fission in crystal form, similar to that observed in rubrene. [71]
175
Figure B.9: Transient absorption spectra of (a) FM-rubrene solution in chloroform
and (b) crystal. The absence of the intense positive features in the FM-rubrene
solution data indicates that there is no absorption from excited states which are
in resonance with our probing system.
B.8 Kinetic fit of the broad features in rubrene,
FM-rubrene and F-rubrene
The broad features below 1200 cm−1 in FSRS data in Figure 2 are electronic
features from the transient absorption by the separated triplet states. We fit
the amplitude of the broad features to a Gaussian wavefunction and fit the ampli-
tudes to a biexponential function to obtain the kinetics in Figure B.10. The broad
features below the 1200 cm−1 region grows in on a timescale of 9.9 ± 0.8 ps in
rubrene, 4.9 ps ± 0.4 ps in FM-rubrene and 4.6 ± 0.4 ps in F-rubrene. A second
time constant of tens of nanoseconds, corresponding to the triplet lifetime, was
held constant to fit the amplitude dynamics of these features. These transient ab-
sorption signatures of the separated triplet states demonstrate that the separated
triplets are formed faster in F-rubrene, followed by FM-rubrene and rubrene.
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Figure B.10: Amplitude kinetics of the broad features below 1200 cm−1 in rubrene,
FM-rubrene and F-rubrene FSRS data arising from transient absorption of the
excited states.
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B.9 Kinetic fits of experimental frequency shifts
in FM-rubrene
The time constants (τ1) associated with the kinetic fits for FM-rubrene and F-
rubrene in Figure 3.3a is 150 ± 20 fs and less than 120 ± 40 fs, respectively. Given
our instrument response function is 120 ± 3 fs, the kinetic fits are approaching the
instrument response function and thus the errors in the time constants become
significant. To demonstrate the sensitivity of the overall fit for the completion
of the frequency shift on the time constant, we present five fits with varying
time constants (110, 130, 150, 170 and 190 fs) to model the dynamic frequency
evolution of the 1430 cm−1 mode in FM-rubrene in Figure B.11. We observe the
problem associated with the fit while using time constants that are outside the
uncertainty of the fit presented in the main text. It is not possible to accurately
model the early growth dynamics of the Raman mode around 1430 cm−1 with
time constants that are either shorter or longer than the uncertainty window in
150 ± 20 fs. This demonstrates that the errors associated with the time constants
are significant and reliable. The time constants obtained with F-rubrene is much
faster than the instrument response function of our experiments, and we have
thus considered the instrument response function as the upper bound for the time
constant in F-rubrene as mentioned in the main text.
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Figure B.11: Best possible fits with time constants 110, 130, 150, 170 and 190 fs




Chapter 5: Facile Background
Discrimination in Femtosecond
Stimulated Raman Spectroscopy
using a Dual Frequency Raman
Pump Technique
C.1 Reconstruction Methods
We present various methods that we have used for reconstruction of the dif-
ference spectrum of cyclohexane.
Here we define the Raman spectra obtained at two frequencies of the Raman
pump excitations as R1 and R2, and the difference spectra D1 = R1 − R2 and
D2 = R2 −R1.
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Table C.1: Various methods and corresponding plots after reconstruction.
Method Spectra
Stimulated Raman spectrum of cy-
clohexane
Asterisks denote non-Raman peaks.
1. Reconstruction based on an
established integration algorithm:
[148,154,155]
Step I: K1n = D1n−∆2
+ |D1n+ ∆2 |
Step II: K2n = |D2n−∆2 |+D2n+ ∆2
Step III: G = K1 +K2
2. G = Gn+∆ −Dn [157]
3. G = |Gn+∆| −Dn
The above-mentioned algorithms use a recursion formula on the difference
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spectrum, as described below. Although we are able to reconstruct the cyclohex-
ane peaks from the difference spectrum with methods 2 and 3, the background
contains considerable noise. Both methods rely on the perfect elimination of back-
ground in the difference spectrum to give a clean reconstruction. However, due to
reasons explained in the main article, our obtained difference spectrum has some
residual background. Due to the iterative nature of both methods, this non-zero
background is propagated in the reconstruction method and results in a noisy
periodic background.
C.2 Scheme of the automated reconstruction al-
gorithm
We first subtracted the z-normalized Raman spectra from one another to ob-
tain a difference spectrum D(ν) and plotted it with respect to the 803.1 nm
Raman pump pulse (Figure C.1). If the backgrounds of the 803.1 nm and 806.1
nm Raman spectra are identical, D(ν) will eliminate the background contribution
entirely and leave behind Raman peaks that appear as derivative-like features.
However, we see that D(ν) still bears a non-vanishing background likely derived
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Figure C.1: Scheme of the automated reconstruction algorithm. (a) z-normalized
Raman spectra of cyclohexane at Raman pump frequencies of 803.1 nm and 806.1
nm. (b) Fit the difference spectrum D(ν) to a pair of positive and negative
Gaussian peaks. Examples of the fit functions (blue) at the Raman peak positions.
(c) Measured the ratio of the amplitude of the fits in (b) to the error in the fits and
obtained Fraction G(ν). (d) Used an algorithm to process H(ν), the derivative of
G(ν), to identify the Raman peak positions. (e) Reconstructed Raman spectrum
from plotting sum of Gaussian functions with the fit parameters corresponding to
the peaks identified in (d).
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from differences in the cross-phase modulation of the two Raman pump pulses.
Next, we fit the difference spectrum D(ν) from its ith index point to its (i+n)th












where A0 is the scaling factor (A2/A1), A1 and A2 are the amplitudes of the
positive and negative Gaussian functions in the difference spectrum, ν is the
wavenumber, ν0 is the peak center of the positive Gaussian peak in wavenumbers,
∆ is the SERDS shift, c is the standard deviation and ν1 is the baseline. The
positive and negative Gaussian peaks correspond to peaks in the 803.1 nm and
806.1 nm Raman spectra in this case.
We fit across the entire difference spectrum with f(ν) using a range of n = 150
points and the following constraints: 1) both the positive and negative Gaussian
peaks have the same FWHM, 2) the FWHM cannot be higher than 50 cm−1, 3)
the peak position ν0 is fixed at the ν value in the middle of the fitting range,
and 4) A0 and ∆ values are determined from experimental conditions and held
constant throughout the fit.
A0 is set as the ratio of the output power of the two Raman pump pulses,
while ∆ is the difference in frequencies of the two Raman pump pulses. We chose
n = 150 because its range covers each Raman peak function with little to no
overlap with the subsequent Raman peaks in cyclohexane. In our constraints, we
assumed that the FWHM of the two peaks are the same because they arise from
the same cyclohexane sample under very similar experimental conditions. We set
the upper limit of the FWHM to be 50 cm−1 because we noted that the FWHM
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of the Raman peaks were less than 30 cm−1 in the initial Raman spectra shown in
Figure C.1a. We fixed ν0 to the center of the fitting range so that we account for
all possible peak positions. As a result, we only needed to extract the amplitude
A1 and FWHM of the Raman peaks from our fitting algorithm.
After we fit the difference spectrum with f(ν), we obtained the amplitude A1 of
the fits at each point across the entire spectrum. We then divided the amplitude of
the fits A1 by its error at each point in the spectrum, which we denote as fraction
G(ν) and overlaid it with the 803.1 nm Raman spectrum in Figure C.1c. Due to
the constraints imposed in our fitting algorithm, we expect good fits only when
ν0 coincides with a Raman peak position. At all other positions with no Raman
peaks, the fit amplitudes would have large errors and thus G(ν) approaches zero.
We can see in Figure C.1c that the resulting G(ν) spikes at regions with Raman
signal, very clearly highlighting the Raman peak positions. Next, we took the
derivative of fraction G(ν), referred to as H(ν), shown in Figure C.1d, and ran
the following algorithm to search for the exact positions of the Raman peaks. In
order to be considered the position of a Raman peak, the mth point of H(ν) must
meet these two criteria:




m−pH(ν) is larger than a threshold value, where p is the number of points
prior to the inflection point, to eliminate any oscillatory noise.
For all m that fulfilled these criteria, we retrieved the fit parameters of the
difference spectrum D(ν) and computed the corresponding Gaussian functions.
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The reconstructed spectrum is a sum of all of these Gaussian functions, that
produces a background free spectrum. We used p = 10 and threshold = 1.4 for
the automated reconstructed cyclohexane Raman spectrum in Figure 5.2d and
C.1, and the choice of these parameters are discussed more in depth in the next
section.
C.3 In-depth discussion about parameters used
in the algorithm
Our main motivation to develop the automated reconstruction method is to
improve existing reconstruction methods while minimizing any input bias and
reducing residual background. Therefore, it is important that we select parameters
for the automated reconstruction method based on experimental conditions or
other reasonable assumptions. We discuss the choice of the values of various
parameters for our reconstruction algorithm with regards to the reconstruction of
crystalline betaine-30 FSR data. The reconstructed FSR spectra in Figure C.9c
is with n = 150, p = 10, and threshold = 1.
Step 1 in our reconstruction algorithm involves calculating the difference spec-
trum by subtracting the two spectra obtained with different Raman pump exci-
tations. Step 2 of our method requires fitting the difference spectrum D(ν) in
a preset range with the fit function f(ν). The fit function f(ν) acts on small
sections of the spectral range at a time, and then scans the entire difference spec-
trum. This range n has to be larger than the Raman frequency difference ∆ and
encompass both positive and negative Raman peaks, and preferably should not
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be so large that it encroaches into the fitting range of another Raman peak. We
varied this fitting spectral range and plot the reconstructed ground state data of
crystalline betaine-30. From Figure C.2, we see that changing n did not change
much qualitatively and we chose the n that reproduced a spectrum most similar
to the raw non-background subtracted Raman spectrum. We chose the fitting
window of 150 pixels for the time-resolved betaine-30 Raman data in the main
text because this is the largest range that we could use without losing any spectral
features from the final reconstructed data.
Figure C.2: Ground state stimulated Raman spectra of betaine-30 after recon-
struction as a function of n for step 2 in Figure C.1.
Other inputs like the relative amplitude A0 and frequency shift were based
on the spectral profiles of the dual Raman pumps without any trial and error
on our part. After we obtained the fit parameters, we used H(ν), the derivative
of the fitted amplitude A1 over its error, to identify the Raman peak positions.
Qualitatively, using the fitted FWHM and its error yield similar results. However,
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we chose to use the amplitude A1 because the FWHM parameter was constrained
to be less than 50 cm−1 and its error would also be affected if it had to be ‘forced’
within this constraint and not strictly due to the goodness of fit. From H(ν), we
have two variables that we adjust to obtain the reconstruction spectrum. The first
variable, p, is the number of points in H(ν) to be summed prior to the position of
the ‘peak’ located. The value of p is based on the estimated peak width such that
the value of p is approximately half the peak width. This ensures that the ‘peak’
corresponds to an actual Raman peak, where the slope of G(ν) would increase
steadily before dropping off to a negative value. This would filter out oscillatory
noise because the slope of G(ν) prior to this transition could be a combination
of positive and negative ones. For all the reconstruction processes in this article,
we have used p = 10. From Figure C.3, we see that once p goes above a certain
value, the resulting spectrum does not vary significantly.
Figure C.3: Betaine-30 ground state spectra as a function of different windows for
the slope addition points, p.
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The second variable, threshold, is the minimum value the sum of p points
needs be before a Raman peak is identified. Ideally, a high threshold value en-
sures that we are dealing with peaks, and not noise. However, using a very high
threshold value might result in losing low amplitude peaks as demonstrated in
Figure C.4. Therefore, a balanced value of threshold is desired between eliminat-
ing non-Raman features and retaining Raman information, which depends on the
system under study.
Figure C.4: Reconstructed ground state of crystalline betaine-30 as a function of
threshold limit.
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C.4 Absorption spectrum of 3,3’-diethylthiatri-
carbocyanine (DTTC) iodide
Figure C.5 shows the absorption spectrum of DTTC iodide in methanol. The
Raman pump frequencies of 802.0 and 803.6 nm fall on the red edge of the maxi-
mum absorption peak at 758 nm in DTTC iodide.
Figure C.5: Absorption spectrum of 3,3′-diethylthiatricarbocyanine (DTTC) io-
dide in methanol.
C.5 Reconstruction of DTTC iodide with auto-
mated algorithm
Instead of a pair of Gaussian functions, we modified f(ν) to comprise of a pair



























where A0 is the scaling factor (A2/A1), A1 and A2 are the amplitudes of the
positive and negative Fano functions in the difference spectrum, q is the Fano
asymmetry parameter describing the degree to which the peaks are dispersive, ν
is the wavenumber, ν0 is the peak center of the positive Fano peak in wavenumbers,
∆ is the SERDS shift (25 cm−1), Γ is the line width and ν1 is the baseline.
Figure C.6: Reconstructed spectra of DTTC iodide using our algorithm (blue)
and with previously established algorithm mentioned in the main text (green).
Asterisks indicate solvent peaks.
We performed all steps shown in Figure C.1 with n = 150, q = 5, p = 10,
and threshold = 1.4 to remove the broad background from the Raman spectra
and present the reconstructed spectrum of DTTC iodide in Figure 5.3 and Figure
C.6 in blue. We held the Fano parameter q = 5 during the fitting because it is
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representative of the dispersive nature of the Raman peaks in the raw data. This
work demonstrates that our algorithm is not limited to only Gaussian lineshapes
but can be extended to various lineshapes depending upon the system under study.
We also used the previously established reconstruction algorithm presented in
Figure 5.2c to reconstruct the DTTC iodide Raman spectrum and plot it in green
in Figure C.6. The reconstructed stimulated Raman spectra obtained from both
the reconstruction algorithm are able to remove the broad background that was
present in the raw stimulated Raman data. Additionally, both the algorithms are
able to identify and reconstruct all the Raman peaks in the raw data set.
Figure C.7: Raw stimulated Raman spectrum of DTTC in iodide in plotted at
the bottom. Plots in gradient of blue shows the reconstructed spectrum for the
corresponding Fano parameter in f(ν). Asterisks indicate methanol peaks.
Figure C.7 shows the reconstructed spectra using different Fano parameters
in f(ν). The reconstructed spectra with Fano parameters of 1.5 and 3 look more
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dispersive than the raw DTTC iodide spectrum in the bottom panel of Figure C.7.
A higher value of the Fano parameter, 23, indicates that the peaks are Lorentzian
rather than dispersive. Using a value of 5 for the Fano parameter resulted in best
corresponding reconstructed spectrum of the raw data and is included in Figure
5.3 in the main text.
C.6 Reconstruction of time-resolved spectra in
β-carotene
Our reconstruction algorithm is written to fit all the peaks in a spectrum with
the same fit function f(ν). We need different fit functions to fit different regions
of the spectrum when the peaks do not have the similar properties. In order to
reconstruct the bleaching features in the β-carotene time-resolved FSR data, our
algorithm needs to be modified slightly compared to original as follows:
1. A1 is less than zero
2. To identify Raman peak positions, H(m) < 0 and H(m+ 1) > 0, represent-
ing a peak in G(ν) where its slope changes sign.
Thus, to obtain background free Raman data, we performed the fitting algo-
rithm twice, one with the amplitude of the fit A1 constrained to positive values
for the growing peaks while the other was constrained to have negative A1 values
for the bleaching features. We then summed the reconstructed spectra from both
steps to obtain a spectrum with both positive and negative features and present
it in Figure 5.4b in the main text.
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C.7 Crystalline betaine-30 orientation with re-
spect to the probe polarization
Figure C.8 shows the betaine-30 crystal under the microscope used for our
FSRS studies. The crystal was orientated at an angle of ∼ 60◦ with respect to
the probe polarization.
Figure C.8: Orientation of betaine-30 crystal with the probe as seen through the
microscope.
C.8 FSR and reconstructed spectra of betaine-
30 crystal
We used the same algorithm presented in Figure 5.2c and our newly developed
automated method (n = 150, p = 10, and a threshold value of 1) to reconstruct
the baseline free time-resolved Raman spectra of betaine-30 in Figure C.9b and
C.9c, respectively. Comparing the reconstructed excited state spectra of betaine-
30, we see that neither of the reconstruction methods are able to remove all non-
Raman features from the raw data, but they aid in assigning vibrational peaks and
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associated dynamics. Both methods still reconstructed the peaks around the 1000-
1100 cm−1 region despite being established as non-Raman features. It is evident
that the double Raman peaks around 1600 cm−1 in Figure C.9a are reconstructed
as a single Raman peak in both Figures C.9b and C.9c. This demonstrates an
inherent limitation in algorithmic reconstruction methods; when Raman features
are very close in frequency or have a frequency difference of less than ∆, the
algorithms are unable to resolve these peaks from one another.
Figure C.9: (a) FSR spectra obtained with 803.1 nm Raman pump excitation
of crystalline betaine-30 at various time delays after photoexcitation. The ex-
cited state spectra have broad backgrounds in addition to narrowband Raman
features. (b) Reconstructed FSR spectra with previously employed reconstruc-
tion method.[148,154,155] (c) Baseline free FSR spectra of crystalline betaine-30
obtained using dual frequency Raman pump followed by our automated recon-
struction method. Peaks marked with asterisks are likely non-Raman features.
The ground state spectra in all 3 graphs are scaled for easier visual comparison.
We used the same algorithm presented in Figure 5.2c and our newly developed
automated method (n = 150, p = 10, and a threshold value of 1) to reconstruct
the baseline free time-resolved Raman spectra of betaine-30 in Figure C.9b and
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C.9c, respectively. Comparing the reconstructed excited state spectra of betaine-
30, we see that neither of the reconstruction methods are able to remove all non-
Raman features from the raw data, but they aid in assigning vibrational peaks and
associated dynamics. Both methods still reconstructed the peaks around the 1000
– 1100 cm−1 region despite being established as non-Raman features. It is evident
that the double Raman peaks around 1600 cm−1 in Figure C.9a are reconstructed
as a single Raman peak in both Figures C.9b and C.9c. This demonstrates an
inherent limitation in algorithmic reconstruction methods; when Raman features
are very close in frequency or have a frequency difference of less than ∆, the
algorithms are unable to resolve these peaks from one another.
We notice that the reconstructed spectra in Figure C.9c has inconsistencies in
the excited state between 1200 – 1600 cm−1. The peak at 1200 cm−1 is present
at all time points in Figure C.9c except for the 640 fs reconstructed spectrum.
Examining the raw data in Figure C.9a and the spectra reconstructed using previ-
ously established method in Figure C.9b suggests that the 1200 cm−1 peak should
be present at all times. Our algorithm requires setting a threshold so that the
peaks must exceed a certain signal to noise ratio in order to be considered in the
reconstruction algorithm. The user-defined threshold values sets the cut-off in
terms of the signal to noise ratio and thus small peak magnitudes below the set
threshold are not included in the algorithm, so as to avoid assigned noise features
as peaks. Similarly, the peaks at 1290 cm−1 and 1415 cm−1 are present over the
first 1250 fs from Figure C.9a and C.9b. However, the two peaks disappear in the
640 fs and 1250 fs reconstructed spectra in Figure C.9c. Additionally, the 1290
cm−1 peak abruptly narrows at 240 fs and then broadens back at subsequent time
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points. These discrepancies in the spectral features between our reconstructed
method and the raw and previously established reconstruction method is due to
the presence of strong vibronic coupling and non-SRS features which makes the
data analysis complex and difficult. We believe that the reconstructed spectra
of betaine-30 in Figure C.9c has a large number of non-Raman peaks marked
with asterisks. Although by changing the parameters in the algorithm we can
remove the non-Raman features with our reconstruction method, we lose quite a
few Raman peaks. Therefore, we used above mentioned parameters to retain all
the Raman features in the excited state spectra in Figure C.9c.
This shows that while our algorithm works well for some systems, it does
not work well with others and we still have to use our judgement to parse the
reconstructed spectrum for Raman features. However, if we look at the dynamics
of the peak around 1600 cm−1, we see that both Figures C.9b and C.9c show an
initial red shift followed by a blue shift within 240 fs. This observation is not as
prominent in the raw spectra due to the large transient absorption background.
Although both reconstruction methods are not very successful on their own, they
qualitatively reproduced the same phenomenon independently. This allows us to
assert with confidence the transient changes that the 1600 cm−1 peak undergoes
after photoexcitation. Although our automated method is unable to fully remove
non-Raman signatures, it is effective in background removal and complements
existing methods to help us better analyze complex FSRS data.
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C.9 Reconstruction of closely spaced peaks in
crystalline betaine-30
Figure C.10: Raw spectrum and reconstructed spectrum of ground state stimu-
lated Raman spectra of crystalline betaine-30.
As mentioned in Chapter 6, we are unable to resolve the two peaks around
1600 cm−1 for crystalline betaine-30. When the Raman features are very close in
frequency or have a frequency difference of less than ∆, the algorithms are unable
to resolve these peaks from one another. As a result, the fit parameters for the
mode around 1600 cm−1 have high errors, and the FWHM of the Raman peak
in Figure C.9c is broader compared to the raw data. To obtain the two peaks
around 1600 cm−1 in the reconstructed spectrum, we modified the fit function
f(ν) such that it consisted of two pairs of positive and negative Gaussian functions
instead of one. However, in order to reconstruct the double peaks ∼ 1600 cm−1
region with correct relative amplitudes between the two peaks, we held the relative
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peak frequency difference between the two peaks constant. The raw ground state
and the reconstructed spectrum with the aforementioned parameters of crystalline
betaine-30 is in Figure C.10. Although the reconstructed spectrum has two peaks,
one appearing as a shoulder over the other, we still cannot resolve them. It must
be noted that this approach involves more human intervention and therefore, we
have presented the time-resolved reconstructed spectra in Figure C.9c using only
one pair of Gaussians for the fit function f(ν).
C.10 Polarization dependence on ground state
Raman spectra of crystalline betaine-30
Crystalline betaine-30 is known to exhibit different Raman spectra with dif-
ferent crystal orientation and laser polarizations. We show one such example in
Figure C.11 where the polarization of the two Raman pumps differ by ∼ 10◦ due
to imperfect alignment of the back reflection to the D-mirror as a result of physical
constraints in the setup. The two plots are graphed with respect to their individ-
ual Raman shifts relative to their own Raman pump frequencies for comparison.
The relative intensities between the peaks in the 1200 – 1600 cm−1 region differ
with Raman pump frequency because different laser polarizations probe different
sets of molecules in crystalline betaine-30. [124]
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Figure C.11: Ground state stimulated Raman spectra of crystalline betaine-30
with two different Raman pump excitations. The polarization of the two Raman
pumps differ by 10◦. The plots in the figure are plotted with respect to their
individual Raman shift axes for better comparison of relative intensities between
the peaks across different excitations.
C.11 Different polarization of the two Raman
pump pulses
We plot the power of the two Raman pump pulses as a function of polarization
in Figure C.12. The two Raman pump pulses differ in their polarization by ∼ 10◦.
This difference in the polarization could arise due to imperfect alignment of the
back reflected pulses into the grating of the two Raman pump wavelengths. Thus,
this difference in polarization of the two Raman pump pulses explains the discrep-
ancy in the relative intensities in the ground state stimulated Raman spectra of
betaine-30 in Figure C.11.
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Figure C.12: Power transmission profile through an analyzer as a function of
different polarizations in the two Raman pump and Raman probe pulses. The
two Raman pump pulses differ in their polarizations by ∼ 10◦.
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